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The photostability data of chemical species is usually described based upon models 
using equations applicable to standard zero-, first- or second-order kinetics (classical 
thermal order kinetics) and other such models. These thermal order kinetic models have 
certain limitations, however, regarding parameter representation of the photoreaction 
and the reproducibility of associated results. The other models available in the literature 
use approximation and expansion methods to solve the photochemical rate law but are 
unfortunately unable to provide robust models to describe the photochemical reaction 
itself.   
This research resolves many of the drawbacks typically encountered within the 
photokinetics domain by improving upon an existing model and designing new models 
that describe photochemical reactions in solution. These models are the - and -order 
kinetics. The former reduces the number of elucidation method steps whilst the latter 
is designed to describe photochemical reactions under irradiation by polychromatic light 
for three chosen AB reaction systems.  
In the development of the above-mentioned methodologies, this research selects 
species based on their photochemical reaction mechanisms to study their 
photodegradation, starting from a simple to a complex mechanism. These compounds 
are: C-DAE for unimolecular AB (1Φ)𝜀𝐵=0, nifedipine and dacarbazine for unimolecular 
AB(1Φ)𝜀𝐵≠0, and the stilbenoids group, axibinib and O-DAE for photoreversible AB (2) 
reactions.  
The results obtained in this research show that the Φ-order kinetics approach offers a 
good description of the photodegradation of these species under continuous 
monochromatic irradiation. It has been established that both the forward (Φ𝐴→𝐵
𝑖𝑟𝑟 ) and 
reverse (Φ𝐵→𝐴
𝑖𝑟𝑟 ) quantum yields increased with increasing irradiation wavelength 
according to a sigmoid pattern. Additionally, this study presents a methodology to 
calculate the 𝛽𝑖𝑟𝑟 factor, which is used to obtain the photoreactivity of the species, in a 
method that offers a much simpler and faster approach to this determination than 
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traditional methods. The stilbenoids group shows higher photoreactivity than the other 
species studied according to the 𝛽𝑖𝑟𝑟 factor ranking scale.  
Other methods were designed to overcome the drawbacks to describing a 
photochemical reaction under irradiation by polychromatic light. The validity of the new 
mathematical models (- and -order) were verified using simulation studies through 
numerical integration methods (NIMs) to generate simulated cases for each 
photochemical reaction system considered. In addition, the - and -order models were 
examined and validated using experimental HPLC and spectrophotometry 
photodegradation data obtained for different species under irradiation by 
polychromatic light. Results obtained in this study confirm the model’s predictions, as 
both photoreaction rate constant and initial reaction velocity (𝜐0 ) were observed to 
remain constant with variable initial concentrations of the species considered. 
Furthermore, actinometric methods were developed and applied to study the 
photochemical reaction of species in solution under irradiation by monochromatic and 
polychromatic light.  The former and latter were developed to determine the light 
intensity of unknown light sources. Monochromatic light has a much smaller wavelength 
distribution than polychromatic, which are determined based on the associated 𝛽𝑖𝑟𝑟 
factors. The results show that each method can be used independently to quantify the 
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A unimolecular photoreaction mechanism, where the initial species (A) 
photo-transforms into a product (B) with an efficiency ΦA→B 
AB (2Φ) 
A mechanism which involves two reversing photochemical reactions 
between the drug and its photoisomer. 
𝐴𝑡𝑜𝑡
𝑖𝑟𝑟  The measured total absorbance of the medium. 
𝑖𝑟𝑟 Wavelength of Irradiation, the wavelength used to irradiate the sample 
𝑜𝑏𝑠 
Wavelength of Observation, the wavelength at which the sample was 
observed 
𝑃𝑖𝑟𝑟  The radiant power value 
Φ𝐴→𝐵
𝑖𝑟𝑟  
Forward quantum yield of photochemical reaction realised at the 
irradiation wavelength (𝑖𝑟𝑟) 
Φ𝐵→𝐴
𝑖𝑟𝑟  
Reverse quantum yield of photochemical reaction realised at the 
irradiation wavelength (𝑖𝑟𝑟) 
𝐴𝑡𝑜𝑡
𝑖𝑟𝑟/𝑜𝑏𝑠(𝑡) 
The total absorbance of the reaction medium at reaction time (t = 0, ∞) 
when irradiated at certain wavelength and observed at another wavelength 
𝐴𝑡𝑜𝑡
𝑖𝑟𝑟/𝑖𝑟𝑟(𝑡) 
The total absorbance of the reaction medium at reaction time (t = 0, ∞) 
when irradiated at certain wavelength and at the same wavelength 
𝐶𝑥(𝑡) The concentration of compound (x) at any time 
𝐹𝑖𝑟𝑟(𝑡) The time‐dependent photokinetic factor 
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𝑙𝑖𝑟𝑟  The optical path length of the irradiation beam 
𝑙𝑜𝑏𝑠  The optical path length of the monitoring beam 
𝜀𝑥
𝑖𝑟𝑟  
The absorption coefficient of compound (x) at the irradiation wavelength 
(𝑖𝑟𝑟) 
𝑘𝐴⇋𝐵
𝑖𝑟𝑟  The overall reaction rate-constant 
𝜐0 (𝑛)
𝑖𝑟𝑟/𝑜𝑏𝑠  
The reaction’s initial velocity, where n is cld. (calculated from theoretical 
equation) or mod. / exp. (determined from differential equation of the order 
kinetic model equation). 
𝐾⇋
𝑖𝑟𝑟  
the equilibrium constant which expresses the ratio of species’ 
concentrations at pss 
∆𝐶 The change between concentrations 
𝛽𝑖𝑟𝑟 
Proportionality factor between the overall rate-constant and the radiant 
power 
𝑁𝐴 Avogadro’s number 
𝑁 photon count  
𝐹  The mean fraction of light absorbed at the irradiation wavelength 
Δ𝐴 the change in the absorbance of compound  
ℎ Planck constant 
𝑣 frequency 
𝐸𝑋𝑆 excess vibration energy 
𝑉 the solution volume 
g𝜆 Energy density distribution function of the lamp 
𝐸𝜆 is the spectral irradiance 
𝑣𝑥 wavenumbers of the polychromatic beam emitted by the source 
𝐽𝑖  relative intensity  
𝑇𝑓,𝑖 The transmittance of filter 𝑓 
𝑆 The irradiated area 
𝑇𝑥 The transmittance  
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1.1. Introduction  
 
Till date, the usage of thermal kinetics and related models for the photoreactions study 
have not been reported to treat an accurate interpretation for the photokinetic data set. 
Widely, this method has been adopted because lack of many reactions integrated 
includes photoreactions rate-laws. Also, it is worth and needs to define the alternative 
methods to analysing the photokinetic data set. However, this thesis aimed to develop 
and validate kinetic models which are an accurate and use for specific photoreactions. 
Furthermore, a new methodology which disobeys mathematical integration. 
In addition, the following three photoreactions typed were selected for development of 
the kinetic model and data validation purposes such as unimolecular and 
photoreversible as reported in Chapters from five to eight. Then, this thesis, aim to test 
the validity of these models experimentally by using drug molecules will be later 
explained in these chapters. 
Throughout the research, the design of experiment used in this project clearly stated in 
the objectives which provide a standard, acceptable and comparable photostability and 
experimental kinetic study that was dealing with the reproducibility and lack of 
experimental concurrency issues. 
Also, the developed models accepted to the critical aim of functioning an entire kinetic 
elucidation of the parameters determining the photoreactions under study and that can 
be implemented widely and continued in other drug molecules as explained in chapters 
from five to eight. 
21 | P a g e  
 
The next objective of this thesis, palliating the lack of rate-constant analytical expression 
for photoreactions that will be explained in early chapters. Then, this parameter could 
be analysed and compared with the study effects of variable factors include light 
intensity and initial concentration on photoreactions kinetics, which provide another 
objective of this thesis. 
At last, these studies then also were performed with the additional aim of estimating 
the drug and compound potential which acts as actinometers thereby currently, the 
identified limitations with the recommendation as explained at the end of the chapter 
of this thesis. 
The irradiation is divided into two types, namely, monochromatic and polychromic 
irradiation. Already monochromatic irradiation was studied by Maafi group. I developed 
the methodology was developed by using non-isosbestic irradiation. Also, I developed 
new order kinetics for polychromatic irradiation for three types of photochemical 
reaction. The simulation study was reported in Chapter 6 and an application reported in 
Chapter 7 and 8 respectively. 
Chapter from 1 to 3 describes an introduction and aim of this project to be presented, 
literature review of the subject accumulated in this part and material and methods 
employed in this thesis. 
Chapter 4 describes the drugs and compounds characterisations. 
Chapter 5 describes the photokinetic study under monochromatic irradiation. 
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Chapter 6 describes the develop or design kinetic model for photochemical reaction 
(Stimulation part) 
Chapter 7 describes the photokinetic study under polychromatic for a unimolecular AB 
(1Φ)𝜀𝐵=0system. 
Chapter 8 describes the photokinetic study under polychromatic for the unimolecular 
AB (1Φ)𝜀𝐵≠0system and photoreversible AB (2) system. 
Chapter 9 describes the development of actinometric method under mono and 
polychromatic light. 
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2.1. Introduction 
Human life is surrounded by a constant interaction between light and matter. The 
interaction between light and matter occur in our surroundings and within the human 
system. A simple example is the biochemistry of vitamin D which is made in the human 
skin via a series of biochemical processes triggered by the ultraviolet B (280 – 320 
spectrum) radiation from the sun [1]. Another example of the interaction of light and 
matter is seen in the process of photosynthesis, a process vital for the balance of oxygen 
and carbon dioxide in our atmosphere and the production of carbohydrate [2,3]. The 
indirect use of light from the sun is seen in cellular respiration which occurs via the 
breakdown of products produced by the use of sunlight for example photosynthesis for 
the production of the energy required for survival as seen in humans. This phenomenon 
has contributed to the development of numerous fields of science including medicine, 
technology and chemistry. However, to fully appreciate and utilise the phenomena 
involving light absorption, the study of the interaction between light absorption and 
matter is essential to further understand its associated advantages and disadvantages 
[4–6].  Thus, to date, there are different branches of science involved in the study of 
light including photobiology, photophysics and photochemistry among others. The 
present review is on the chemical effect of light irradiation on the properties of matter, 
which is term as photochemistry.  
Photochemistry is a field discovered out of observed curiosity, for instance, the 
bleaching effect of sunlight on pigment and dye observed in cloth manufacturing, 
painting and even photography. Thus, sunlight was observed to result in colour change, 
the development of precipitates as photoproducts and in some liquid the development 
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of gas bubbles. One of the earliest photoreactions recorded in the 18th century was the 
conversion of nitric oxide to nitrogen dioxide conducted by Joseph Priestley. Another 
contributing photochemical experiment is that conducted by J. W. Dobereiner which 
involved the exposure of aqueous oxalic acid and iron (II) oxide to sunlight; a landmark 
in ferrioxalate actinometry. By the end of the 19th century, the field of photochemistry 
reported different photoreactions such as the photoreaction of santonin, 
photodimerization of anthracene and photoreaction of olefin among others [7]. These 
findings contribute to the multidisciplinary approach to research in modern 
photochemistry to date.  
2.2. Basic of Photochemistry 
The absorption of light by a matter affects the properties of that matter, and this 
interaction is by electromagnetic radiation. Light is an electromagnetic wave which can 
be classified by wavelength and frequencies; for instance, the visible light is made up of 
different types of radiation thus having different colours. Matter on the, on the other 
hand, is made up of elements which have unique chemical and physical properties. An 
element is made up of atoms which in turn contain protons, electrons and neutrons. 
Thus, a matter is made up of protons, electrons and neutrons. Therefore the reaction 
that occurs between the properties of matter and light is term photochemistry. 
Photochemistry studies the mechanism of the photochemical reactions, which occurs 
when a change in the electronic structure of a molecule is observed due to the 
absorption of a photon of the light, resulting in photochemical changes in the said 
molecule or adjacent molecules (which is called primary process) [8]. The nature of the 
26 | P a g e  
 
photochemical reaction depends on the wavelength of light absorbed, i.e. visible light 
(400nm – 700nm) or ultraviolet light (200 nm – 400 nm). Moreover, photochemical 
changes occur when the absorption of light provides enough energy capable of breaking 
a bond or twisting the double bond in the molecule, therefore enhancing the molecule 
to excite from ground state to an excited state. Once the molecule returns to the ground 
state, the energy will be disposed of in the form of a heat or light (fluorescence or 
phosphorescence), accompanied by changes in the molecular characterisation [8]. 
Hence, a photochemical reaction is governed by three basic principles: 
 The first law states that a system must absorb light of a particular wavelength 
for photochemical reaction to occur.  
 The second law states that only a single molecule is activated for a 
photochemical reaction at normal intensities due to a single photon of light 
absorbed by the system.  
 Finally, the third law, also known as the Bunsen-Roscoe Law of Reciprocity, states 
that “a photochemical effect is directly relational to the total energy dose, 
regardless of the time required to deliver the dose [9].” 
Furthermore, the photochemical processes involving the absorption and emission of a 
photon in photochemical reaction has been simplified and illustrated by Aleksander 
Jablonski. This illustration, the Jablonski diagram (Figure 2-1), shows possible schematic 
consequences of the irradiation of a molecule by the visible spectrum of light. The 
diagram is a combination of straight and curved lines which represent the possible 
occurring quantum mechanical transitions experienced by a molecule when exposed to 
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a specific wavelength of light. The curved lines represent the transition of electrons 
without light interactions (non-radiative processes) while the straight lines represent 
the conversion between the energy of an electron and a photon of light (radiative 
processes). The energy acquired from the light enhance an electron when a molecule 
absorbs a photon, to excite to a higher energy state called excited state. The Jablonski 
Diagram has explained the electronic transition process from one electronic energy level 
to another. Furthermore, each electronic energy state in the Jablonski Diagram is 
designated by different symbols. These symbols include “S0” ground electronic state, 
“S1” is first excited singlet state, “T1” is first excited triplet state, “T2” is second excited 
triplet state and “T3” is third excited triplet state [9]. 
 
Figure 2- 1: The Jablonski Diagram [9].    
 
The non-radiative processes are represented by internal conversion, inter-system 
crossing and vibrational relaxation. The vibrational relaxation (VR) is said to occur 
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immediately after absorbance of a photon. VR occurs when energy deposited into the 
electron by the photon is transferred to other vibrational modes as kinetic energy. Also, 
this kinetic energy might remain in the same molecule, or the energy is transferred to 
neighbouring molecules surrounding the excited molecule. However, an overlap 
between the vibrational energy and the electronic energy level could result in the 
transition of the excited electron from a vibration level in an electronic state to another 
vibration level in a lower electronic state; this occurrence is called the interval 
conversion (IC). The inter-system crossing (ISC) occurs when there is a change in an 
electron spin from an excited singlet state to an excited triplet state. 
Emission that occur differ during the photochemical reaction, the fluorescence emission 
occurs between the same spin states (S1 to S0), while the phosphorescence emission 
occurs between the different spin state (T1 to S0). In the case of the phosphorescence 
emission, the wavelength is longer (low energy) with long radiative lifetime compared 
to the fluorescence emission [9]. 
2.3. Photodegradation  
Photochemistry is of great importance in the pharmaceutical industry; this is because 
most active pharmaceutical ingredients (API) and excipients are light sensitive. Thus the 
absorption of light by drug formulations could lead to degradation during 
manufacturing, storage or administration.  Consequently, resulting in loss of drug 
potency, bye photoproduct formation, altered efficacy and altered side effects which 
could be harmful to patients. For this reason, it is important to know the photochemical 
behaviour of drugs to ensure safety and efficacy. To date, many drugs are labelled as 
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light sensitive (photoreactive or photolabile) by the European Pharmacopoeia [39], and 
this number is increasing due to new drugs being discovered and old drugs being re-
examined. Photochemical reactions take place with the following spectra regions: UV 
light (UVC = 200 – 290 nm; UVB = 290 – 320 nm; UVA = 320 – 400 nm), visible light (400 
– 700 nm) and solar light which include UVA, UVB and visible wavelengths. However, 
most of the photochemical reactions involved the UVA, UVB or visible light[10]. Light 
sensitivity among drugs varies and contributing photodegradation factors include 
radiation (intensity and wavelength), concentration, temperature, water composition, 
humid, viscosity and pH [11]. Therefore, drug sensitive to light do not necessarily have 
the same degradative outcome.  For instance, riboflavin was reported to degrade in 7.5 
minutes when exposed to UV radiation  (240 – 366nm) whereas when exposed to visible 
radiation  (400 – 500 nm) it degraded in 150 – 330 minutes [12]. 
Photodegradation is the process of decomposition caused by the absorption of photons. 
This process depends on the absorption spectrum of the drug molecule, thus shifting 
the molecule from its ground state to its excited state. The excited state of the drug 
molecule is less stable; hence the molecule could undergo different transitions such as 
phosphorescence, fluorescence, IC, ISC, or photoionization which is the removal of an 
electron from the molecule. Also, photosensitive drugs could result in different 
phototoxic response which includes photogenotoxicity, photoallergy, photostability and 
photoirritation [11,13] as summarised in Figure 2-2. 
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Figure 2- 2: Possible phototoxic responses that could be induced by photosensitive drugs  (modified 
from [11,13]) 
 
It is important to know the type of photochemical degradation that can affect the APIs 
and excipients, in order to protect photosensitive drugs. There are different types of 
photochemical reaction and example include photodecarboxylation (e.g. Ketoprofen 
[15–17]), photodehalogenation  (e.g. fluoroquinolones [18,19]), photoreduction and 
photoaddition (e.g. riboflavin[20,21]) . The knowledge of the photochemical associated 
with photosensitive drugs will provide appropriate formulation strategies to protect said 
drugs. Different photodegradation effects have been reported for different drug dosage 
forms and are not necessarily similar for all drugs. However, the most common physical 
photodegradation effects among all dosage form reported include discolouration and a 
change in appearance, especially observed in oral solutions, tablets, emulsions and 
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creams [11]. Therefore, it is important to protect drugs from photodegradation to 
ensure safety and efficacy. 
In general, drugs are exposed to either natural light or artificial light at some point during 
manufacturing, transportation, storage and usage. Besides, in the hospitals, some drugs 
are stored in unit-dose containers usually on open shelves, and some drugs are removed 
from their package. Thus, repackaged drugs are left exposed to fluorescence tubes and 
daylight for days and in some cases for weeks. Moreover, the FDA (Food and Drug 
Administration’s) Compliance Policy recommended that repackaged drugs have six 
months from the day of repackaging without the need for photostability testing.  
2.4. Photostability  
The photostability of a drug is the response of drug to the exposure of UV, solar and 
visible light that results in physical and/or chemical changes. Photostability of drugs 
could be examined through photodegradation reaction and is expressed as a drug`s shelf 
life and an expiration date which are provided based on a drug`s pre-formulation 
studies. The common physical change in drug after exposure to light is a change in 
colour, however that alone is not enough to determine the extent of the 
photodegradation.  
In pharmaceutical companies, it is important to maintain drug stability during 
manufacturing (handling, packaging and labelling), transportation and administration. 
Moreover, to maintain drug safety, efficacy and stability, different strategies have been 
used to protect dosage forms from photodegradation. For example, many drugs are 
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white to reduce light absorption because the white colour reflect the light. However, 
this does not provide appropriate protection against photodegradation [22].  
 
Some methods used for photostability of drugs include the use of vesicular carriers e.g. 
liposomes and noisomal gels; lipid nanoparticles e.g. solid lipid nanoparticles; complex 
formation e.g. complexation with cyclodextrin; microspheres e.g. tristearin – and 
phosphatidylcholine - based microspheres; and microcapsules e.g. methacrylic 
copolymers, among others [10,11,23].  Also, the use of appropriate primary and 
secondary packaging material used can provide protection from light exposure. The 
most commonly used method is the use of amber-coloured glass or plastic containers, 
this is because these containers can absorb UV light at about 470nm [11].  
2.5. Photostability testing 
The importance of photostability studies is to obtain information on the photostability 
properties of a drug such as the physical and chemical changes observed upon exposure 
to light, the mechanism and pathways of drug photodegradation, and drug shelf life 
among other [10]. The photostability studies are conducted to ensure drug safety, 
efficacy, potency, and possible side effects associated with light exposure. This is 
conducted according to the guidelines provided by the International Conference on 
Harmonisation of Technical Requirements for Registration of Pharmaceuticals for 
Human Use  (ICH) for all new drug licenses application [24]. The ICH Q1B guideline 
provides a chart flow on the photostability testing of new drugs which include forced 
degradation testing to determine photodegradation pathway and necessary 
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information on handling, packaging and labelling. For photostability testing, two light 
sources are recommended by ICH Q1B which include simultaneous exposure of drugs to  
(1) outdoor daylight and indoor indirect widow glass-filtered daylight and  (2) direct 
indoor light which include cool white fluorescent lamp and near UV fluorescent lamp  
(with a spectral distribution of 320 – 400 nm and a maximum energy emission of 350 – 
370 nm) [24]. Although the ICH Q1B guideline, a 22-year-old guideline, is still used to 
collect photostability data of drugs, it did not provide a clear guide concerning the 
analysis and determination of the necessary kinetic data to establish drug photostability 
[24]. 
 
Figure 2- 3: A decision flow chart for photostability testing of drug products [24] 
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2.6. Photosafety testing 
Although photostability testing is conducted to evaluate photodegradation, it does not 
provide in-vivo details of drug phototoxicity such as drugs associated with light-exposed 
tissues. Therefore, the European Agency for the Evaluation of Medicinal Products 
provided guidelines on phototoxicity and photosafety testing in 2002 [25]. These 
guidelines provided a work-flow on assessing photosafety of drugs. Also, the FDA in 
collaboration with ICH, the CDER (Centre for Drug Evaluation and Research) and  the 
CBER (Centre for biologics Evaluation and Research) provided a scientific approach for 
photosafety testing of topical and administered drugs in 2003 [26]. In general, the FDA 
guidelines encourage the use of old methods and the development of new methods in 
evaluating human safety. Furthermore, the M3 (R2) guideline on non-clinical safety 
studies was also provided by FDA in collaboration with ICH, CDER and CBER in 2010. The 
guidelines focused on the following studies phototoxicity, immunotoxicity, juvenile 
animal toxicity and abuse potential. And the guideline also provided maximum dose 
selection options for general toxicity studies [27]. 
An in-depth guideline on conducting photosafety studies was further released by ICH in 
2013 and titled ICH Harmonised Tripartite Guideline: Photosafety Evaluation of 
Pharmaceuticals [28]. The aim is to evaluate tissue response induced by light interaction 
with APIs, excipients, dermal clinical formulation and photodynamic therapy products. 
In addition, an outline on photosafety testing route for both systemic and dermal route 
was provided. 
35 | P a g e  
 
Both in-vivo and in-vitro nonclinical photosafety testing aims at detecting potential 
phototoxicity. There are different types of in-vitro assays used; some of these assays 
depend on drug sample solubility while others involve the direct application of topical 
tested sample on tissues[28]. The most commonly used in-vitro assay is the 3T3 Neutral 
Red Uptake phototoxicity test (3T3 NRU-PT) and is used for soluble compounds with 
light absorption range of 290 – 700nm [28,29]. The principle of 3T3 NRU-PT assay is to 
determine the cytotoxicity of chemicals on mouse fibroblast cell line (Balb/c 3T3 cells) 
with and without exposure to a non-cytotoxic dose of simulated solar light (5J/cm2). 
Cytotoxicity is then expressed as the concentration-dependent reduction of the uptake 
of the Neutral red dye after a 24 hours treatment with both chemical and irradiation 
[29].  Apart from the use of mouse model for phototoxicity testing, assays involving the 
human reconstructed skin models are also used such as the reconstructed human 
epidermis model and the sensitivity of this assay was reported to be above 90% [30].  
On the other name, there is no standard in-vivo phototoxicity testing, instead animal 
models such as mice, rats and guinea pigs are used. With regards to ocular phototoxicity 
testing, there are no standard assays, rather recent research shows the development of 
new models such as the in-vitro human corneal epithelial model [31].  
2.7. Limitations associated with the guidelines 
In general, both photostability and photosafety testing guidelines aim to determine the 
adverse effects of photosensitive drugs when exposed to light on human health. 
Moreover, Data obtained is used to provide necessary strategies to protect light-
sensitive drugs from photodegradation reaction and to prevent phototoxicity. However, 
these regulatory guidelines are associated with limitations with regards to the practical 
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interpretation,  experimental design, analytical and data interpretation [32–35]. Some 
of these limitations include: 
2.7.1. Irradiation source 
The ICH Q1b guidelines provided irradiation conditions which are not complimenting the 
illumination conditions. The guideline used the term light which has a broad definition. 
Therefore, Baertschi et al., (2010) [32] recommended the use of scientifically correct 
terms such as radiation, photon or photolysis source. As previously mentioned, option 
(2) which involve exposure to UVA and cool white fluorescent did not mention a clear 
statement with regards to either the exposure should be conducted sequentially in an 
orderly manner or simultaneously. 
Moreover, the guideline mentioned the use of either D65 or ID65 light source in option 
(1). However, D65 and ID65 are two different standards; thus the photoreactions might 
vary between the two different light source [32]. Furthermore, the near UV fluorescent 
lamp was recommended in option (2) but emission guideline provided is not specific. 
The guideline stated that ‘spectral distribution from 320 to 400 nm with a maximum 
energy emission between 350 and 370 nm; a significant proportion of UV should be in 
both bands of 320–360 nm and 360–400 nm.’’ This guideline can be interpreted as 
radiation below 320nm is not recommended in the ICH Q1b guidelines photostability 
testing, in contrast, the literature showed that most approved drugs absorb both UVA 
and UVB regions of the spectrum [33,36,37]. Also, the ICH Q1b and M3 (R2) guidelines 
included the use of 290-320 nm UVB radiation range in the photosafety testing which 
clearly shows a lack of agreement between the two guidelines.  
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In addition, the UVA doses mentioned in photostability testing varies from that 
mentioned in photosafety testing. In photosafety testing, the UVA dose recommended 
was 5 – 20 J/cm2 [28] while that recommended for photostability testing is not less than 
200 watt hours/m2 which is equivalent to 72 J/cm2 [24]. This discrepancy also needs to 
be addressed [32]. 
2.7.2. Actinometry  
The photochemical reaction related to the number of photons absorbed. The number 
of photons absorbed is obtained by using the actinometry. The actinometry is a term 
that defines the use of a chemical or physical system to determine the photon flux or 
light dose exposed to a photoreactive sample [38].  The chemical actinometric system, 
such as ferrioxalate, photochromic, uranyl oxalate, Reinecke's salt, involves exposing a 
chemical entity to a specific wavelength, resulting in a light-induced reaction. The 
number of photons absorbed per unit time per unit area is then calculated using the 
reaction rate (Eq.1-1) [38]. However, physical actinometry involves the use of physical 
instruments, such as radiometer, that can convert the photons to a quantifiable electric 
signal [39].  
𝑅𝑎𝑡𝑒 𝑜𝑓 𝑙𝑖𝑔ℎ𝑡 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑏𝑦 𝑡ℎ𝑒 𝑝ℎ𝑜𝑡𝑜𝑟𝑒𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑢𝑏𝑠𝑡𝑎𝑛𝑐𝑒 =
𝑅𝑎𝑡𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡 
𝑞𝑢𝑎𝑛𝑡𝑢𝑚 𝑦𝑖𝑒𝑙𝑑
     
          Eq.1-1 
Radiometer is a physical instrument used to measure light intensity. The radiometers 
are contained several types of the photocells which produce the current once photons 
fall on the cell. It is simple and easy to be used, but it needs to change the photodiode 
38 | P a g e  
 
after used for long times [39]. Also, It regularly needs to calibrate due to the variation in 
the performance of photodiode and the filter [39].  
The chemical actinometry is doing in the same conditions of the experiment of 
photoreaction when investigation and irradiation and quantification [40].    
There are different types of chemical actinometry such as potassium ferrioxalate, 
photochromic actinometer, Uranyl oxalate and Reinecke’s salt actinometer. 
The popular and widely used in the liquid phase chemical actinometer is the potassium 
ferrioxalate due to the wide wavelength range up to 578 nm [38,39,41].  
There is another actinometer called photochromic actinometer as azobenzene depends 
on the photoreversible or photochromatic reaction. The azobenzene actinometer is 
simple and uniform reaction. It is cover the wavelength range 230-460 nm [38].  The 
azobenzene was independent on wavelength and temperature except cis-trans was 
thermally regenerated at 60 °C [38]. The Fulgide Aberchrome 540 is one of the 
photochromic actinometers, and it is widely used [38,41]. This type of actinometer was 
used in the region of near UV and visible (310-370 nm and 435-545 nm) due to the 
reversible photocyclization [38,41]. 
 On the other hand, the cis-trans stilbenes photoisomerization was used as chemical 
actionmeter for wavelength range 254-366 nm, which the quantum yield depend on the 
substitution of the stilbene and solvent [38].   
Uranyl oxalate actinometer as photosensitiser and cover range between 208-426 nm. 
This type of actionmeter depends on the pH [38,41].     
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The type classified as photosubstitution reaction is Reinecke’s salt actinometer, which is 
work in aqueous solution. It is quantum yield wavelength dependent. It is covered the 
range 316-750 nm [38,41]. This type is not recommended due to extensive error and 
complex handling [38]. In table (1-1) shows examples of the selected list of liquid phases 
actinometry.  
Table 2- 1: Examples of selected liquid phase actinometers 
Compound nm Solvent Analytical 
method 
Ref. 
cis-Cyclooctene 172, 185 n-Pentane GC 
[38,41] 
Iodide/iodate 214-330 Water Abs. 352 nm 
Azoxybenzene 250-350 EtOH Abs. 458 nm 
1,2-Dimethoxy-4- 
nitrobenzene 
254-366 Water Abs. 450 nm 








HPLC DCM styrene dye 410-540 CHCl3, MeOH  
4-Dicyanomethylene-2-methyl-6-[p-(dimethylamino)styryl]-4H-pyran (DCM) 
The potassium ferrioxalate mechanism is irradiated using UV, or visible light lead to the 
reduction of the ferric (Fe+3) and oxidation the oxalate. The reaction is observed at 510 
nm through the determination of the ferrous (Fe+2) by using as a complex with 1,10-
phenanthroline. The complex does not absorb the light at 510 nm; that’s mean the back 
reaction does not happen [38,41]. So, the potassium ferrioxalate undergoes as direct 
photoreaction. The number of photons absorbed is determined by using Eq.1-2. 
Φ =
𝑇ℎ𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑓𝑜𝑟𝑚𝑒𝑑
𝑁𝑜.𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 
                  Eq.1-2 
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The analytical method of the azobenzene actinometer is used the HPLC to determine 
the trans-cis photostationary state.  
The Fulgide Aberchrome 540, the fulgide photoreversible reaction is used for the UV 
region (310-370 nm). The absorbance of Fulgide is measured at 494 nm before and after 




                     Eq.1-3 
Where 𝑁𝐴 is Avogadro's number,  Δ𝐴 is the increase in the absorbance of the fulgide at 
494 nm, 𝑉 is the volume of the irradiated solution (L), Φ is the quantum yield of the 
fulgide between 310-370 nm, 𝜀 is the molar absorptivity,  𝑡 is the irradiation time and 
(𝑁𝐴ℎ𝑣/𝑡) is the mole of the photons absorbed.  
For the visible region (435-545 nm) is used the back reaction of the close from to open 
form cyclization of fulgide and read the different of the absorbance before and after 
irradiation [38]. The volume of the red solution of the close form of fulgide is known. 
The mole of the photon absorbed is determined by using the Eq.1-4 [41]: 
𝑁𝐴ℎ𝑣/𝑡 =
Δ𝐴 𝑉
Φ 𝜀 𝑡 𝐹
                    Eq.1-4 
Where Δ𝐴 is the decrease in the absorbance of the fulgide at 494 nm and  𝐹 is the mean 
fraction of light absorbed at the irradiation wavelength. 
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The Uranyl oxalate actinometer, the oxalic acid in present the uranyl and light irradiation 
will give the carbon dioxide and monoxide and water. The oxalate ions are determined 




→     𝐶𝑂2 + 𝐶𝑂 + 𝐻2𝑂 
Reinecke’s salt actinometer is determined the number of the photon absorbed through 
release the (SCN-) after irradiated [Cr(NH3)2(SCN)4]-  by light in present water. The ions 
released determined by complexation with ferric. The complex of ions with the ferric 
result as blood red colour, and it is measured the absorbance at 450 nm. The number of 
photons absorbed is obtained by using the Eq1-1 [41]. 
In order to apply chemical actinometry, some requirements must be met, which is [38]: 
1- It must be a simple system, easy to control the experimental conditions. 
2- It must be accurate in quantum yield value for wide number of wavelengths. The 
quantum yield must be wavelength independent. 
3- The chemical material must be thermally stable.  
4- It should be sensitive. 
5- Simple analytical methods. 
6- Easy to synthesise and purify.   
However, There are some factors affect in the chemical actinometry as temperature, 
photoproducts absorption and the chemical actinometry degree of absorption, which 
lead to developed new actinometry [38]. 
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The temperature might effect in the change of concentration of the compound and lead 
to a change in chemical conversion of the compound. This will result inaccurate of the 
number of photons absorbs by the compound [38]. 
The photoproduct of actinometer should not be absorbed light. In case, if it is absorbed 
light, it will lead to a decreased range of conversion, and it is difficult to expect the 
number of photons absorbed [38].   
Some chemical actinometry developed for some cases such as the excess volume of high 
photons intensity was used to irradiate the sample. This type of actinometer is 
characterized as incomplete absorption of the actinic light.  The benefit of this type is to 
avoid problems of inhomogeneity through photoreaction [38].  
There are some advantages for each the chemical actinometry. The potassium 
ferrioxalate actinometer is sensitive, reliable, simple, inexpensive and constant 
quantum yield [42–44]. Trans- Azobenzene is commercially available, soluble in different 
organic solvents, easy to determine without need to complexation, reusable and 
reversible due to the photoreversible reaction in case the thermal step of cis-trans is 
neglected [45,46].   
However, there are some disadvantages or limitations of the chemical actinometry, and 
that’s lead to developed new actinometry.  The potassium ferrioxalate; due to the range 
of light absorbed for ferrioxalate is visible light, the reaction must be happening in dark 
condition. Also, the photooxidation reaction of phenanthroline occurs during the slow 
complex reaction of ferrous (Fe+2) with 1,10-phenanthroline and lead to ferric (Fe+3) with 
phenanthroline and this it will result in analytical interference [42–44]. The limitation of 
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the Azobenzene actinometer is needed to quantify the photochemical parameters of cis 
isomer when used the spectrophotometer [45]. Also, the o-nitrobenzaldehyde 
actinometer (photoisomerization) is used to determine the photons flux by using a pH 
meter. The sensitivity of pH metre will effect on the accuracy of o-nitrobenzaldehyde 
actinometer, and the accuracy of the actinometer will be limited.    
The ICH guideline recommended the use of quinine actinometry system for the 
measurement of chemical exposure to a near UV region of the light source in 
photostability testing of new drugs [24]. However, the quinine actinometry system 
(QAS) is not without limitations, for instance, the spectral power distribution used for 
the calibration of quinine in the ICH guideline was not provided [32]. 
Moreover, the study de Azevedo Filho et al.,  [47] showed that this actinometric system 
depends on the concentration of quinine in the solution and its location in the irradiation 
chamber. Another limitation associated with QAS is that the absorbance of quinine at 
400 nm was shown to continuously increase for more than 60 hours even after the 
irradiation was stopped which affects the results obtained significantly [32]. Also, the 
QAS was shown as not compatible with option (1) light sources, according to ICH Q1B 
guideline. For instance, Baertschi et al.,  [32] reported the sensitivity of quinine to 
temperature and oxygen when exposed to a xenon lamp. 
2.7.3. Quantum yield  
 
The photochemical reaction is the interaction or the relationship between the light and 
the molecule. This interaction leads to a change in chemical or physical properties [48]. 
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In the photochemical process the light excited the molecule from ground state to excited 
state, in this case there are different in structures configurations between the two states 
[48]. Also, the basis of photobiology is photochemistry [48,49]. The photoreaction is 
responsible for many phototherapies such as neonatal jaundice [50], psoriasis treatment 
and cancer treatment as photodynamic therapy [39,49]. Bertelsen and Skibsted (1987) 
found that exposing meat to the light will change the colour of that, the change of colour 
gave indicate about the required details of the photochemistry, which are necessary to 
raise the storage condition of the food. So, it is important to know how many 
compounds degradable per a photon absorbed. This is lead to the definition of quantum 
yields (Φfor photoreaction, it is the number of the compound or molecules 
decomposed divided by the number of the photon absorbed. Moreover, The quantum 
yield is the possibility of absorption of one photon at a given wavelength will lead to 
observe photochemical reaction [48]. The quantum yield is one of the useful quantity to 
evaluated any photochemical reaction [48]. Also, the quantum yield is used to quantify 
the photochemical reaction [41].  Skillman, (2008) state that the quantum yield is 
determined the efficiency of light after absorbed and it is produced a certain effect.  The 
rate of the photodegradation of the compounds depends on the reaction quantum 
yields, the light intensity, the molar absorptivity at the irradiation wavelength, the path 
length, and the concentration of the compounds  [52]. 
The quantum yield of the photochemical reaction is independent on the wavelength 
[53,54]. Also, it is independent on the experimental conditions [39,55]. It is mean that 
the similarity of the results of the quantum yield of the compounds should be found. So,  
if it is determined in different labs should be found the same results [39].    
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However, Several studies have confirmed that the reaction quantum yield is a 
wavelength dependent [56,57,66–70,58–65]. Sumi et al. [71] reported that many of the 
photochromic reaction quantum yields were wavelength dependent. Moreover, the 
quantum yields of Azobenzene as well were dependent on the wavelengths [72].  
Greenberg et al. [73] have found that the quantum yield had increased at long 
wavelength, and that has been confirmed by McDonagh et al. in 1989 [50].  However, 
Bertelsen and Skibsted  [52] have reported that the quantum yield has decreased with 
increasing the irradiation wavelength for Oxymyoglobin in aqueous solution. Moreover, 
Kim et al. [56] had corrected the statement that stated that the quantum yield in vision 
is a wavelength independent after they have done several experiments on the 11‐cis‐
retinal chromophore. Klán and Wirz [74] were found that the quantum yield of the 
ferrioxalete actinometer is wavelength dependent and it is the different values at one 
wavelength in different labs.   
There is no specific or clear reason to explain the change in the quantum yield values 
with change the irradiation wavelength because it is attributed to different reasons. The 
first reason, the increase in the quantum yield at end of the uv spectra (long wavelength) 
of the compound has happened in the weak absorption region due to accidental 
excitation beam from the monochromator [73].  Second one, this dependence is related 
to the photoproduct or the different excitation (both, low and high) of the weakly 
interaction molecule, which leads to producing different photoproducts [64], this might 
be different wavelength produce different photoproduct and that result to the change 
of the quantum yield. The exited compound might be exited to separate state that lead 
to give different photoproduct. Third , it might be contributed to present more than one 
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isomer or interconverting conformers [68], and it might be attributed to effect of excess 
vibration energy (E𝑥𝑠), this explained by Kim [76] who is reported that the when the 
excess vibration energy increased the quantum yield will increased regarding to the 




)  [68,75,76].  Fifth, Nakamura et al., [66] have 
reported that it might be a relationship between the structure of the molecule and the 
quantum yield, and also, it might be effective in the value of the quantum yield. Bandara 
and Burdette [69] have stated that the difference in the quantum yield related to 
remaining the isomerization pathways after exited the molecule because semi-rigid 
steric constraints such as  bridge between the two phenyl rings this block the pathway 
of deactivation of photoisomerzation accessible following S2S0, thus lead to increase 
the quantum yields [69]. In addition, the change in quantum yield might be resulted of 
increasing in the excitation energy, the quantum yield will be  decreased (i.e. increasing 
vibrational energy of the S1 state) even within the S1  S0 excitation, which the S1 state 
has been long lifetime than S2 [69]. 
Other studies have reported that the quantum yield is wavelength dependent, but no 
reasons have been given [50,56,67,71,72,77,78]. 
2.7.4. Data collection and analysis 
The nature of the ICH Q1b guidelines is mainly qualitative, and data analysis is somewhat 
subjective with regards to the inspection of physical drug changes due to irradiation such 
as appearance, colour and clarity [24]. However, photodegradation could occur without 
noticeable physical changes. Furthermore, the guidelines lack analytical methods for 
assessing other components present in the drugs such as excipients, thus affecting 
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evaluations and effective comparisons among studies [32]. Besides, kinetic methods 
(zero, first and second order kinetics) are widely used for analysing and interpreting data 
obtained from photoreactions, irrespective of their limitations in photochemistry. 
2.8. Kinetics treatments overview 
2.8.1. Introduction  
 
The purpose of the photostability studies is to provide data that give information on the 
stability and quality of drugs under different conditions and allow us to expect the shelf 
life.  This study must contain the manufacturing process requirements, such as handling, 
labelling and packaging, to make sure and protect the potency, quality of product and 
finally patient safety.  Therefore, the photostability is needed to design a specific and 
accurate method to treat the data, and this is the main requirement before beginning 
of photostability study. 
2.8.2. Reactions kinetics  
 
Kinetic is the study of how a system changes as a function of time, whereas, the reaction 
kinetics is the study of the rate of a chemical change and how the conditions of the 
concentration of reactants and products, solvent and temperature influence this rate 
[79]. The rate of reaction is the rate or speed of change in the concentration of the 
compound due to the degradation or production of new molecules. The rate of reaction 
given by Eq.1-5 [80] 
𝑅𝑎𝑡𝑒 𝑜𝑓 𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 =  ± 
𝑑𝑐
𝑑𝑡
                 Eq.1-5 
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Where 𝑑𝑐 indicate a change in concentration with time (𝑑𝑡), and ± the increase or 
decrease of the product and reactant concentrations. 
𝑎𝐴  +   𝑏𝐵 → 𝑃𝑟𝑜𝑑𝑢𝑐𝑡 
Where A and B are the reactant, and the number of moles of reactants A and B is 
represented by a and b, respectively, as elementary reaction.  
Classification of the order of the reaction depends on the rates quantified for each 
compound (reactant) [80].  
𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 = ±
𝑑𝐶𝐴(𝑡)
𝑑𝑡
 =  𝑘 𝐶𝐴
𝑎 𝐶𝐵
𝑏                 Eq.1-6 
Where a and b are the orders of reaction. If a= 1 and b=2  
𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 =  𝑘 𝐶𝐴
1 𝐶𝐵
2                   Eq.1-7 
The reaction is first order concerning A and second order concerning B [80]. 
The overall order is the sum of the exponents, i.e. third order. The proportionality 
constant k is termed the rate constant; its value reflects the rate or speed of the reaction 
[80]. 
The benefit of the integrated rate law is to give information about the rate of the 
reaction. It represents a valuable tool to quantify the change of the reaction species over 
time. The data achieved from the kinetic order is essential for the drug research and 
development where it is important to predict the shelf life of the drugs and describe the 
mechanism of the reaction. 
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Therefore, illustrate the kinetic performance of the degradation of the drug via 
understanding the integrated rate law is important to understand the fundamental of 
the photoreaction kinetics and the pharmaceutical application as well. So, thermal 
kinetic or study, it is used to obtained the shelf life and reported the requirement on the 
stability while the photostability study is mainly used to developed the analytical 
method and determined the protective requisites depend on the analytical protocols 
[39].  
In the photochemical reaction, AB (1Φ) is compound A, which transforms to compound 
B through light irradiation. The differential equations rely on three parameters which 
include quantum yields (Φof the compound at a specific wavelength, the absorbance 
coefficient (ε) and the irradiated power value (P). The definition of quantum yields 
(Φfor photoreaction is the number of the compound or molecules decomposed 
divided by the number of photons absorbed. These parameters are essential parameters 
when determining the photochemical reactions. 
The differential equations are given by [81]: 




𝑖𝑟𝑟  ×   𝜀𝐴
𝑖𝑟𝑟  ×  𝐶𝐴(𝑡) × 𝑙𝑖𝑟𝑟 × 𝑃𝑖𝑟𝑟  ×  𝐹𝑖𝑟𝑟(𝑡)              Eq.1-8 
Where 𝑃𝑖𝑟𝑟 is the radiant power value, 𝐶𝐴(𝑡) is the concentration of A at any time, Φ𝐴→𝐵
𝑖𝑟𝑟  
is the quantum yield of photochemical reaction realised at the irradiation wavelength 
(𝑖𝑟𝑟), 𝑙𝑖𝑟𝑟is the optical path length of the irradiation beam, 𝜀𝐴
𝑖𝑟𝑟 is the absorption 
coefficient of compound A at the irradiation wavelength (𝑖𝑟𝑟) and 𝐹𝑖𝑟𝑟(𝑡) the time‐
dependent photokinetic factor is given by [81] 
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                   Eq.1-9 
Where 𝐴𝑡𝑜𝑡
𝑖𝑟𝑟 represent the measured total absorbance of the medium.  
The time‐different of photokinetic factor is to be dependent on the total absorbance of 
the medium at the irradiation wavelength. Thus equation Eq.1-8 cannot be integrated. 
Recently, Maafi and Maafi (2014) discovered the differential equation to generate a new 
kinetic order called Φ-order kinetics. It was reported that unimolecular 
photodegradation processes of the form AB (1Φ), where A is the initial compound that 
degraded due to irradiation to compound (B) with a quantum yield (Φ). This novel 
kinetic approach was found to be a satisfactory description of the whole set of AB (1Φ) 
photodegradation data under investigation. Consequently, the determination of such a 
reaction's photochemical quantum yield can be obtained from the overall rate constant 
of the reaction. 




The thermal order kinetics are widely used to treat the data of the kinetics. However, 
there is number of limitation when it is used for photostability studies. This limitation 
such as lack to represent all parameters of the photoreaction and reproducibility of the 
results and other limitations will describe here. 
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2.8.3.2. Method of data analysis  
 
The photodegradation or photochemical reactions applied the classical zero, 1st and 2nd 
order kinetic methods to analyse the photodegradation data. [82,83,92,93,84–91]. 
However, these classical methods depend on the thermal reaction, and some 
compounds were thermally stable but unstable in light.  
In addition, there is no clarity about which order kinetic that photochemical reaction 
follows when used the thermal kinetic method with photochemical reaction since there 
are several conclusions and explanations about the kinetic of the photoreaction. 
In some cases, it was noted that no accurate kinetics (obeys to different kinetic order) 
method could be applied to some drug photodegradation [94–97].  
Moreover, another study demonstrated that the photodegradation reaction Data ( 
photokinetic traces) of tetracycline was fitted with two types of thermal order kinetic 
methods [98,99]. However, Maafi and Brown (2007) noted a poor fitting for the 
photodegradation date when treated by classical thermal (not photo) kinetic methods. 
Some studies were used two-stage method to treat the photokinetics data where one 
part of the data fitted with one type of the thermal kinetic order and the other part of 
data fitted with another type [39,100,101]. However, this way led to ask questions about 
why there is a change in the kinetic order of the photoreaction of the same reaction 
under the same process. Also, the photoreaction depends on the concentration, 
whereas the first order kinetic is widely applied for the treatment of the photoreaction, 
which is concentration independent [102].  
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Some studies described equations and parameters, as light intensity, absorption 
coefficient and quantum yield,  that required to photolysis reaction [87–93]. These 
studies reported that the photodegradation pattern follows the first order kinetics. 




  =  Φ 𝑃0,𝑖𝑟𝑟  (1 − 10
−𝐴𝑡𝑜𝑡
𝑖𝑟𝑟(𝑡)) =  2.303 Φ 𝑃0,𝑖𝑟𝑟𝜀𝐴
𝑖𝑟𝑟  𝐶𝐴(𝑡)𝑙𝑖𝑟𝑟              Eq.1-10a 
By integrated the Eq. 1-10a as first order given by: 
  ln (
𝐶𝑡
𝐶0
) = −𝑘𝑡                Eq.1-10b
        
Where the Φ is the quantum yield of the reaction, 𝑃0,𝑖𝑟𝑟  is incident light intensity and 
𝐴 is absorbance of the molecule. According to Beer-Lambert law the 𝐴𝑡𝑜𝑡
𝑖𝑟𝑟(𝑡)  equal to 
𝜀𝐴
𝑖𝑟𝑟  𝐶𝐴(𝑡)𝑙𝑖𝑟𝑟.  
So, this equation (1-10a) shows that the rate of photodeagradtion is following to the 
first order. 
In these studies, the values of the quantum yields were assumed constant. The 
photodegradation takes place under monochromatic light irradiation expect some 
reactions happen under polychromatic light irradiation [90–93] and they were used the 
same Eq.10a, but in case the photolysis under polychromatic light, they have added the 




  =  2.303 Φ𝐶𝐴(𝑡)𝑙𝑖𝑟𝑟 ∑𝑃0,𝑖𝑟𝑟𝜀𝐴
𝑖𝑟𝑟                       Eq.1-11a 
  ln (
𝐶𝑡
𝐶0
) = 2.303 𝑙𝑖𝑟𝑟Φ ∑(𝑃0,𝑖𝑟𝑟𝜀𝐴
𝑖𝑟𝑟) 𝑡 = −𝑘𝑡                         Eq.1-11b 
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However, there are some studies reported that mathematical models to describe the 
photoreaction kinetics [105–108]. These studies have described the kinetics of 
photoisomerization reaction. The photolysis studies occurred under monochromatic 
light irradiation, which is used polychromatic light with filter [106–108] and one study 
was used monochromator [105]. Also, the light intensity was determined by using 
chemical actinometry. The limitation of these studies will be discussed in the following 
chapter five, seven and eight. 
2.8.3.3. Rate constant determination 
 
The traditional thermal kinetic order is widely used for the photochemical reaction due 
to the difficulty of integrating the rate law. However, it was found that the values of rate 
constant quantified by using the thermal kinetic were not reproducible [101]. The 
change on the rate constant for the same studies might happen due to effect some 
variable on the photoreaction such as pH or some additives on the reaction sample 
[101].  It will lead to concluding that, in filed photostability, it could not predict the shelf 
life of the photochemical reaction [40] because the rate constant quantified according 
to the traditional thermal kinetic order, and the rate for this case is depended on the 
temperature, where is defined by the Arrhenius equation. Nevertheless, in case of the 
photoreaction, the reaction depends on different parameters not on the temperature 
such as molecule’s absorptivity, light intensity and wavelength. Therefore, the rate 
constant quantified by using the thermal kinetic order does not represent the right rate 
constant in case photoreaction. 
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Chapter 3 
Materials and methods 
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3.1. Chemicals and solvents  
 
The chemicals that used in photochemical studies listed in the table (2-1).  
Table 3- 1: Chemicals and solvents details.   
Compounds Symbol Chemical names Company 
supplier 








Pinosylvin PINO trans-3,5-Dihydroxystilbene. 
Resveratrol RVT 3,4′,5-Trihydroxy-trans-stilbene 
Oxyresveratrol ORVT 2,3′,4,5′-Tetrahydroxy-trans-stilbene 






































In the monochromatic irradiation studies, a diode array spectrophotometer (Agilent 
8453), using Agilent 8453 Chemstation kinetics-software, equipped with a 1-cm cuvette 
sample holder was used to record the absorption spectra of the compounds. The 
spectrophotometer was equipped with a Peltier system model Agilent 8453 for 
temperature control.  
A Helios Gamma spectrophotometer (ThermoScientificTM) with 600 nm/min speed scan 
at 0.5 nm interval was used in the polychromatic studies to record the absorption 
spectra of the compounds. The absorbance data was measured by using VISIONliteTM 
software. 
3.2.2. Irradiation set-up 
3.2.2.1. Monochromatic continuous irradiation 
The system for irradiation made by PTIC (Photon Technology International Corporation), 
contains a Ushio 1000 W xenon arc-lamp. This lamp was used to irradiate the sample. 
The source of light was kept in a housing shell model A6000 and was power-driven by a 
power supply model LPS-1200, which was cooled with tap water via a pipe circulation 
system. The lamp housing and monochromator model 101 was attached together, that 
allows the selection of specific irradiation wavelengths. It consists of a specific f/2.5 
monochromator with a 1200 groove/300 nm blaze grating. The excitation beam was 
directed from the top of the sample cuvette through an optical fibre. The excitation and 
the analysis light beams were perpendicular to each other.  






Figure 3- 1: Monochromatic photolysis set-up for continuous irradiation. 
 
3.2.2.2. Polychromatic steady-state irradiation 
Two different light sources were used in this study, the light source used in the visible 
range (400-600 nm) and for unimolecular photoreaction AB (1Φ)𝜀𝐵=0 is LED Torch (Light 
way, model: wk-699b/wk-99g, 5000-8300K, China). The second lamp is the UV handheld 
lamp (model: UVGL-55, A/C powered, manufactured by Analytikjena, lamp model: 
G6T5HC, λ=200-400 nm), and was used at UV range (200-400 nm) and for both 
unimolecular AB (1Φ)𝜀𝐵≠0 and photoreversible reaction AB (2 
The Light cabinet (UV-Light cabinet model: C-10E6, Fisher Scientific, UK) was rectangular 
enclosure (height = 305 mm, width = 229 mm and Depth = 267 mm) equipped with 
removable UV handheld lamp, while in the other lamp (LED Torch) will cover the area of 
the removable UV hand lamp with cardboard carton with small circle hole to pass the 
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the light intensity of the LED Torch lamp when the experiment is running; meanwhile 
the experimental off will be covered with foil to protect the sample from the light. The 
emitted light of the both lamp sources was directed on the top of a 1-cm quartz cuvette. 
This way of light beams excitation was vertical to the top surface of the sample, which 
is similar to the monochromatic irradiation setup and to make design as same irradiation 
way. The sample was stirred continuously using ultra flat compact magnetic stirrer plate, 




Figure 3- 2: polychromatic photolysis set-up for steady-state irradiations. 
 
 











Visible unit UV- unit 
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3.2.3. Power meters  
 
The radiant power/energy meter model 70260 was adopted to quantify the radiant 
power of the monochromatic incident excitation beams, and the expressed light power 
(𝑃𝑤) that measured by the radiant power meter or spectroradiometer is mW/cm
2. 
Avantes spectroradiometer (AvaSpec-ULS2048CL-EVO-UA-50), UA-grating (200-
1100nm), slit-25 with a 400um fibre and in-line cosine corrector (FC-UVIR400-1-BX and 
CC-UV/VIS), was used to measure the radiant power of the polychromatic incident 
beams, the expressed light power (𝑃𝑤) that measured by the spectroradiometer is 
mW/cm2/nm. 
Figure 3-1 show that the light profiles of different light sources. The light sources are 
sunlight (in July), LED Torch (visible light), Fluoresce light (room light), and UV light 
sources as short-wave lamp (model: G6T5/SW; 254nm), mid-range wave lamp (model: 
G6T5E; 302nm), long wave lamp (model: F6T5; BLACK LIGHT; 365nm) and short and long 
wave lamp (model: G6T5HC; 254/365 nm). 
The removable UV hand lamp was provided by filter from the manufacturer to filter and 
switch between the light if we used lamp contain two wavelengths as short and long 
wave lamp. When take the light profile without that filter, all the UV light sources were 
giving same light profile in the range 450 nm to 1100 nm as described in the figure (3-
3). While, if the filter is on all the peaks between the 450-1100 will be removed. The UV 
lamps were giving different light profiles, the mid-range wave lamp was clearly 
characterised by a broad band in the range 270 to 400 with maxima at ≈302 nm,  
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Figure 3- 3: Light profile of different light sources measured by using Avantes spectroradiometer. 
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long wave lamp was only giving a band after 350 to 400 nm without any bands in the 
range 200 to 350 nm. However, the short-wave lamp was described by single sharp 
intensity peak at 254, 313 and 365 nm. On other hands, the visible light as LED Torch 
and Fluoresce light were clearly do not show any UV light in them profiles, nevertheless 
the UV and visible light was obviously shown in the sun light but the UV light is much 
less than visible. 
3.2.4. HPLC apparatus 
HPLC Analysis was conducted using the Perkin Elmer type Chromatography Interface 
600 series equipped with a UV/Vis detector, vacuum degasser and Perkin Elmer Series 
200 pump. The analytical separation was obtained by Kinetex C18, 150 X 4.6 mm, 5µm 
analytical column.  
3.3. Methods  
 
3.3.1. Solutions  
 
3.3.1.1. Preparation of solutions  
 
The stock solutions were prepared by weighing ≈1 mg of each compound and dissolved 
in 1 mL of ethanol. The molar concentrations of these compounds were calculated using 
the equation below:  
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑀) =
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 (𝑔)
Molecular weight of compound (
𝑔
𝑚𝑜𝑙𝑒
) ×Final volume (L)  
                Eq.3-1 
The working solutions were freshly prepared by diluting the stock solutions to analysis 
the irradiation tests at different wavelengths, as shown in Table 2. The concentrations 
of the working solutions were obtained using the dilution equation: 
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𝐶1 × 𝑉1 = 𝐶2 × 𝑉2                       Eq.3-2 
Both stock and working solutions were wrapped with aluminium foil and stored in the 
fridge at T < 5°C 
3.3.1.2. Calibration graphs  
 
For spectrophotometric, the calibration graphs were obtained by plotting the 
absorbances (at a specific wavelength), the sum of the absorbances (solutions at time 0 
for compound A and compound B as mention below), or peak area (of HPLC) versus 
concentrations of working standard solutions (Table 3-2). 
The HPLC calibration was used to determine the concentration of compound A at the 
pss; therefore, it was useful to quantify the absorption coefficients (𝜀) of photoproducts 
as described in the elucidation method (Eq. 5-13, chapter five, section 5.2.3.1). 
In the instance of reaction type AB (1Φ)𝜀𝐵≠0,  𝐴∞ is equal to  𝐴𝐵 because all mother 
compounds (A) react to form the photoproduct, (B). The calibration graphs of  ∑  𝐴∞, 
which can be found as the gradient of the calibration curves. However, for AB (2), the 
∑  𝜀𝐵 was determined after determining the concentration of the compound in the 
photostationary state as well. The spectral evolution of the compound is obtained using 
the spectrophotometer after exposing it to polychromatic light. Once the 𝐴∞ have been 
obtained,  𝐴𝐵 (𝑝𝑠𝑠) can be quantified using Eq.3-3.  
𝐴𝐵 (𝑝𝑠𝑠) =  𝐴∞ − (𝜀𝐴 ×  𝐶𝐴 (𝑝𝑠𝑠))                      Eq. 3-3 
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Once 𝐴𝐵 (𝑝𝑠𝑠) is obtained, the sum of 𝐴𝐵 (𝑝𝑠𝑠) can be calculated from the individual 
absorbances, and then the ∑  𝜀𝐵 was quantified as the above but by using calibration 
graph of  ∑𝐴𝐵 (𝑝𝑠𝑠). 
 𝜀𝐵 for both systems is also determined as described in chapter five, section 5.2.3.1, but 
after irradiation under polychromatic light it will take the form of sum of the individual 
𝜀𝐵. The difference between the sum of the individual 𝜀𝐵 and the predicted  ∑  𝜀𝐵 from 
the calibration curve should be less than 5%.  
The linearity range of calibration graphs imposes the concentration range useful for 
performing consistent photokinetic studies. 
Table 3- 2: The linear range of studied compounds in ethanol, the equation of the line 














Spectrophotometer (single absorbance)  
E-STIL 180.25 0.544 – 8.19 A300 = 28272 x C - 0.0244 0.999 
PINO 212.244 0.465 – 8.63 A300 = 24581 x C - 0.0195 0.999 
RVT 228.25 0.465 – 7.00 A320 = 33325 x C - 0.0254 0.999 
ORVT 244.24 0.426 – 9.28 A313 = 22874 x C - 0.0254 0.999 
PTERO 256.296 0.386 – 7.16 A310 = 19877 x C – 0.0138 0.999 
AXI 386.469 0.257 – 5.61 A330 = 19773 x C - 0.0096 0.999 
DBZ 182.18 1.5 – 10.74 A280 = 4996 x C + 0.0007 0.999 
NIF 346.335 1.50 – 13.2 A240 = 22545x C - 0.0628 0.999 
O-DAE 
468.48 
0.211 – 6.20 A260 = 12311 x C - 0.0085 0.999 
C-DAE 0.322 – 1.52 A520 = 11244 x C – 0.0028 0.999 
Spectrophotometer (sum of absorbances) 
E-STIL ∑A 0.959 – 7.36 
∑AA = 2200282.07 xC - 0.97 
0.999 
∑AB = 1658419.73 xC + 20.26 
PINO ∑A 0.607 -8.18 
∑AA = 2092358.58 xC + 3.05 
0.999 
∑AB = 1363326.76 xC + 16.77 
RVT ∑A 0.560 – 5.63 
∑AA = 3317695.56 xC - 1.65 
0.999 
∑AB = 2391333.67 xC + 21.65 
ORVT ∑A 1.80 – 9.86 
∑AA = 1932689.06 xC - 0.78 
0.999 
∑AB = 1501918.59 xC + 12.47 













PTERO ∑A 0.464 – 6.96 
∑AA = 1917192.83 xC + 0.84 
0.999 
∑AB = 1588207.63 xC + 25.45 
AXI ∑A 0.575 – 4.46 
∑AA = 3276859.34 xC + 45.70 
0.999 
∑AB = 3981269.48 xC - 2.19 
DBZ ∑A 1.5 – 10.74 
∑AA = 1150804.81 x C + 0.16 
0.999 
∑AB = 345940 x C + 0.041 
NIF ∑A 1.50 – 13.2 
∑AA = 1920969.95x C - 4.79 
0.999 
∑AB= 1937923.35x C - 4.68 
O-DAE ∑A 0.463 – 6.00 
∑AA = 2386621.40 xC + 1.18 
0.999 
∑AB = 2806892.78 xC+ 2.40 
C-DAE ∑A 0.322 – 1.52 ∑AA = 1323914.19x C + 0.07 0.999 
HPLC 
Compounds 







E-STIL 0.344-55.0  PA= 2 x 1010 x C – 74586 0.999 
PINO 0.734-23.5 PA= 3 x 1010 x C - 41299 0.999 
RVT 0.672-21.5 PA= 3 x 1010 x C - 47056 0.999 
ORVT 0.475-24.0 PA = 4 x 109 x C - 30694 0.999 
PTERO 0.305-19.5 PA = 2 x 1010 x C - 60644 0.999 
AXI 0.650-91.0 PA = 3 x 1010 x C - 12986 0.999 
DBZ 1.72 – 27.5 PA = 4 x 109 x C - 18040 0.999 
NIF 0.9 – 50.0 PA = 2 x 109 x C − 10810 0.999 
DAE 0.107-7.46 PA = 4 x 109 x C – 2489.5 0.999 
 
 
3.4. Photolysis Procedure 
3.4.1. Monochromatic continuous Irradiation 
In monochromatic, a specific wavelength was set to irradiation, specific volume of 
compounds (μL) was added to a blank (2mL of ethanol), the sample at 22°C was 
homogenizing and continuously stirred using magnetic flea. The UV spectra was 
measured every 30 seconds. To determine light intensity, leave light released through 
the end of optical fiber optic and then, placed it on the top of photodiode sensor (1 cm-
2), which is directly connected to radiometer before and after the photolysis.   
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3.4.2. Polychromatic Steady-State  
The sample cuvette was set inside the UV-Light cabinet to shield it from the light. Also, 
the experimental sample was set at different height levels inside the cabinet using tiles 
of 0.6 cm of height. All side of the sample cuvette, except the top part, were covered by 
aluminium foil. During the lamp off, the top of the sample cuvette was covered by plastic 
lid to prevent evaporated the sample and protected from light as well. 
In order to measure the light intensity by using the spectroradiometer, it takes places 
inside UV-cabinet at the same level of the sample and light emitted directly towards the 
on the top of fibre-optic which is connected to spectroradiometer. 
The sample would be removed from the cabinet at regular time intervals, and the UV-
Visible spectra, and the HPLC peak measured.  
In both photolysis studies, The sample was homogenized and stirred continuously during 
the measurement using magnetic stirrer plate. The kinetic profile of the irradiation 
samples was recorded until the reaction completed, which was shown by no changing 
in the absorption spectra and the concentration against time reach to the plateau. 
3.5. Chromatographic Conditions 
In order to separate the compounds, the combination of two solvents was used (Table 
3-3). The volume of injection is 20 μL and the detector was set to detect the sample at 
specific wavelengths.  
3.6. Simulation software 
Based on the type of the mechanism of the photochemical reaction, the differential 
equation was obtained. This equation was input into the MathCad software (MathCad 
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2000 Professional), which was used the fifth-order Runge-Kutta to generate values 
based on the photochemical mechanism. The generated values were described the 
photochemical reaction behaviour through change in the concentrations over time. In 
this thesis will describe how can treat the data under monochromatic and polychromatic 
light irradiation in chapter 5 and 6, respectively. 

















Retention        
t-isomer 
/ min 










t-STIL 65 35 1 300 5.85 6.24 
PINO 40  60 1 300 5.15 5.76 
RVT 30 70 1 310 4.02 5.36 
ORVT 15  85 1.5 328 11.3 10.3 
PTERO 50  50 1 320 5.40 5.93 
D
ru
g AXI 50  50 1 332 2.41 3.32 























3.7. Actinometry study 
Monochromatic actinometric studies, by exposing the same working solutions to 
specific wavelengths with a sequence of various power intensities for each wavelength. 
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-order equations are used to fit the kinetic traces that are observed at irradiation 
wavelength.  
Polychromatic actinometric studies were used the same method of monochromatic 
actinometric above but expose solutions to a full range of UV and visible allowed by the 
lamp (Fig. 3-3) with a sequence of different power intensities. The different light 
intensities were obtained by using several distances to the lamp using tiles or reducing 
the intensity by placing woven metallic mesh on the top of the sample cuvette. - and 
-order equations (Chapter nine) were used to fit the kinetic traces that were observed.  
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4.1. Photochemical reaction mechanism 
In this study, we wish to study three types of photochemical reaction mechanisms. The 
photochemical reaction contains the mother compounds A and the photoproduct B, the 
photokinetic behaviour of the mother compounds A when subjected to the light will 
result in different AB systems.  
When exposed the mother compound to the light, the photoproduct is formed (B) which 
characterised by it does not absorb the irradiation light (𝜀𝐵  = 0), and the reaction is a 
direct reaction, which the photochemical reaction mechanism is called a unimolecular 
photodegradation AB (1Φ)𝜀𝐵=0 . In this study, the close form of DAE (C-DAE) (Scheme 4-







Scheme 4- 1: The unimolecular AB (1𝛷)𝜀𝐵=0 degradation mechanism of C-DAE under visible 
irradiation (A the main compound and B the photoproduct) 
 
The photochemical reaction of DAE is photocyclization or opening of the cycle [1]. The 
O-DAE is colourless and C-DAE is pink colour. When exposing the commercial form of 
the DAE (O-DAE) to UV light irradiation, the reaction is reversible. Whereas, the close 








Under visible irradiation 
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reaction [2]. The isomers of DAE are thermally stable (at 80° C for a long time) [3–5]. In 
this study, we chosen the C-DAE as example of AB (1Φ)𝜀𝐵=0  due to the photoproduct 
form O-DAE does not absorb the visible light, which mean 𝜀𝐵  = 0. While, the O-DAE was 






Scheme 4- 2: AB (2) photoreversible reaction of O-DAE (A the main compound (open-form) 
and B the photoproduct (close-form) 
 
As shown in scheme 4-3, when the photochemical reaction is a direct reaction but, in 
this case, the compound is formed by the light (B) does absorb the light (𝜀𝐵≠ 0). This AB 
system is called unimolecular photodegradation AB (1Φ)𝜀𝐵≠0 as well. In this study, we 














Under UV irradiation 
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Scheme 4- 3: The unimolecular AB (1𝛷)𝜀𝐵≠0degradation mechanism of DBZ and NIF. 
 
Some of the antihypertensive drugs knowns as calcium channel blockers, in particular, 
and certain dihydropyridine groups have been indicated as being photosensitive and as 
giving one photoproduct after irradiation by UV/VIS light, such as nifedipine (NIF). 
Dacarbazine (DBZ) is an anti-cancer drug known as imidazole carboxamide. It is used to 
treat melanoma, Hodgkin’s lymphoma [6], and soft tissue sarcoma in combination with 
other anti-cancer drugs [7]. 
The chemical structure of NIF containing a nitro group in ortho position in the phenyl 
ring. This nitro group was responsible for classified the NIF as sensitive to the light. The 
ΦAB 
ΦAB 
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photoconversion, which is reduction the nitro to nitroso group in the NIF [8]. This 
reduction leads to the loss of the therapeutic efficiency of the NIF [9]. 
The photodegradation of the DBZ under natural and fluorescence light was studied in 
aqueous solutions. These studies founded that after a day exposed the DBZ to the 
fluorescence light induces a 10 % loss, while a higher loss was observed when direct 
exposure to sunlight. The photoproduct produced from the exposed the DBZ to light was 
found to be the main reason to cause the major side effect of the DBZ, a local venous 
pains [10–12]. 
The third type of the kinetics that we are interested in is the photoreversible reaction. 
It involves the mother compounds, A, and its photoproduct, B. This reaction is pure 
opposed photochemical reaction. Thus, it is labelled as AB (2) photoreaction. In this 
study, we used t-STIL, PINO, RVT, PTERO, ORVT, AXI and O-DAE to represent the AB (2) 






Scheme 4- 4: AB (2) photoreversible reaction of AXI (A the main compound (trans-form) and B 
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Axitinib (AXI) is indazole derivative, which is anticancer agent classified as tyrosine 
kinase inhibitor [13], it is used as selective, potent and orally active to treat the advanced 
renal cell carcinoma due to it is a selective inhibitor of vascular endothelial growth factor 
(VEGF) receptors 1, 2, and 3  [13,14]  
There are several studies reported that when exposure the AXI to the light-induced the 
photoisomers (Z and E). However, there are no photokinetic studies published on the 
AXI [15,16]. The biological activity of the Z and E of the AXI was investigated [15]. The Z-
isomer was less active by 43 times than trans-isomer in vascular endothelial growth 
factor receptor 2 (VEGFR2) [15]. In vitro, it is possible to restore the biological activity of 
the E-AXI through irradiate the Z-AXI under UV light (365 nm). However, vice versa 
restored the biological activity in aqueous solution was not possible for E to Z-  AXI due 
to the irreversible photocycloaddition, which formed a biologically inactive axitinib [15]. 
 
Stilbenes are a category as a polyphenolic compound. E- stilbene (E-STIL), Pinosylvin 
(PINO), Resveratrol (RVT), Oxyresveratrol (ORVT) and Pterostilbene (PTERO) are 
compounds of the stilbenoids group (scheme 1) and reported to be present in several 
plants such as peanut, raspberries, blueberries, and tea. More so, it is reported to highly 
concentrated in grapes and wine [17–19]. These compounds are a natural antioxidant 
[18,19] with neuroprotective properties useful in the protection of cerebral ischemia 
and with trauma cells, leading to significant inhibition of neuronal death [20–23]. Other 
biological functions associated with stilbenoids group include tyrosinase inhibition, anti-
inflammatory, anti-herpetic, anti-HIV and anti-tumor activities [24–30]. Stilbene is 
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considered as a model compound, and it is used to understand the photoresponse of Z 
and E reactions [31] because it was well known the photoisomerization of stilbene and 
it had been studied in detail [32] 
 
Compound R1 R2 R3 R4 
E-STIL H H H H 
PINO OH OH H H 
RVT OH OH H OH 
PTERO OCH3 OCH3 H OCH3 
ORVT OH OH OH OH 
 
Scheme 4- 5: AB(2) photoreversible reaction of stilbenoid group (A the main compound ( E-
form) and B the photoproduct (Z-form) 
      
Few photochemical studies have been reported for compounds belonging to the 
stilbenoid group such as RVT. However, none have been reported for ORVT, PTERO and 
PINO [22,25–27]. Previous studies reported that compounds belonging to the 
stilbenoids group are mostly present in Z and E isomerism, where the latter is said to be 
more stable than the former [17,33]. Photochemical analysis on E-RVT by Silva et al., 
(2013) concluded that under different irradiation conditions including UV 
(monochromatic ultraviolet light, 254nm), Vis (polychromatic light, ≥365nm) and UV-Vis 
(polychromatic light, 200-600nm), the Z-RVT was the main compound with maximum 
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254 nm, the rate constant increased with an irradiation wavelength [34]. Similarly, the 
study of Iva, Pedzinski and Mihaljevi, (2015) found that the cis-RVT form was formed 
when E-RVT was irradiated at range 400-600 nm. However, the transformation reaction 
was slow [35]. Both studies used the first-order rate law to calculate the kinetics rate 
constant and quantum yield of RVT [34,35]. 
In another study, Zheng et al., (2014) reported that other products with fluorescence 
properties are produced in concomitant with Z-RVT from a E-RVT when exposed to 
UV/sunlight at length [36–40]. However, Iva, Pedzinski and Mihaljevi, (2015) indicates 
that according to low fluorescence quantum yield value, the RVT deactivated in excited 
singlet state due to internal conversion to the ground state and/or isomerisation rather 
than fluorescence. Thus, they found that the isomerisation was most efficient in the 
deactivated process of RVT in excited singlet state [35]. 
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Chapter 5 
Photokinetic some stilbenoid and 









Recently in the literature, -order kinetics were shown to be a better tool to describe 
the behaviour of photochemical reactions and to quantify their parameters [1–5]. 
Previous studies proposed a method to analyse the photokinetic data of unimolecular 
and photoreversible compounds based on the isosbestic irradiation point [1–5]. The 
strategy used on -order kinetics allows a description of the photokinetic data, and a 
determination of the overall rate constant, the molar absorptivity, and quantum yields. 
This leads to no possibility for the same data to allow for interpretations with different 
orders for one reaction. This study has developed a new method to investigate the 
photokinetic data for unimolecular and photoreversible reactions driven by non-
isosbestic irradiation (UV or visible). For the purposes of describing this new method, E-
stilbene, widely used as a photoreversible and model compound, its derivatives and 
diarylethene derivative (DAE) have been selected. 
5.2. The mathematical background 
 
5.2.1. General equation 
 
The Φ–order model is used to describe the transformation of a photoreversible 
compound (A) and photoproduct (B), which are respectively driven by a forward 
quantum yield (Φ𝐴→𝐵
𝑖𝑟𝑟 ) and a reverse quantum yield (Φ𝐵→𝐴
𝑖𝑟𝑟 ). In the case of the use of 
non-isosbestic wavelengths (𝑖𝑟𝑟) (continuous irradiation), A and B absorb different 
amounts of light (𝑃𝑖𝑟𝑟). This is due to the difference in their absorption coefficients (𝜀) 




𝑖𝑟𝑟 ≠ 0). In this case, the unimolecular photodegradation reactions (𝐴
Φ𝐴𝐵
→  𝐵) 
𝜀𝐵







𝑖𝑟𝑟  ×  𝜀𝐵
𝑖𝑟𝑟  ×  𝐶𝐵(𝑡) − Φ𝐴→𝐵
𝑖𝑟𝑟  ×   𝜀𝐴
𝑖𝑟𝑟  ×  𝐶𝐴(𝑡)) × 𝑙𝑖𝑟𝑟 ×
 𝑃𝑖𝑟𝑟  ×  𝐹𝑖𝑟𝑟(𝑡)                     Eq.5-1 
Where 𝑃𝑖𝑟𝑟 is the radiant power value, Φ𝐴→𝐵
𝑖𝑟𝑟  and Φ𝐵→𝐴
𝑖𝑟𝑟  are the forward and reverse 
quantum yields of the photochemical reaction as realised at the irradiation wavelength 
(𝑖𝑟𝑟),  𝑙𝑖𝑟𝑟is the optical path length of the irradiating beam inside the sample, and 








                 Eq.5-2 
 
Where 𝐴𝑡𝑜𝑡
𝑖𝑟𝑟/𝑖𝑟𝑟  is the measured total absorbance of the medium at 𝑜𝑏𝑠, and 𝑙𝑜𝑏𝑠is 





















− 1) × 𝑒−𝑘𝐴⇋𝐵
𝑖𝑟𝑟 ×𝑡]                 Eq.5-3 
 
The cumulative total absorbance of the medium at the initial time (t = 0) and at the 
photostationary state (t = ∞), is measured under observation conditions (𝑙𝑜𝑏𝑠 ), not the 
excitation condition (𝑙𝑖𝑟𝑟) ). The optical path lengths (𝑙𝑖𝑟𝑟and𝑙𝑜𝑏𝑠) are not necessarily 
equal. The medium absorbance under the excitation conditions (i.e., corresponding to a 
measurement along 𝑙𝑖𝑟𝑟) can be indirectly accessed. 
94 | P a g e  
 
 
Scheme 5- 1: The sample cuvettes and the possible paths of irradiation and probing lights [6]. 
 
The analytical expression for the exponential factor, 𝑘𝐴⇋𝐵
𝑖𝑟𝑟 , in Eq. (5-3), which represents 
the overall reaction rate constant, is expressed as [5]: 
𝑘𝐴⇋𝐵
𝑖𝑟𝑟 = (Φ𝐴→𝐵
𝑖𝑟𝑟  ×   𝜀𝐴
𝑖𝑟𝑟 + Φ𝐵→𝐴
𝑖𝑟𝑟  ×  𝜀𝐵
𝑖𝑟𝑟) × 𝑙𝑖𝑟𝑟 × 𝑃𝑖𝑟𝑟  ×  𝐹𝑖𝑟𝑟(𝑝𝑠𝑠) = 𝑃𝑖𝑟𝑟  𝛽𝑖𝑟𝑟
                      Eq.5-4 
 








𝑖𝑟𝑟/𝑖𝑟𝑟(𝑝𝑠𝑠) in Eq. 
(5-3) are the measured total absorbance of the medium at the time of reaction (0 and 
∞), and 𝑖𝑟𝑟/𝑖𝑟𝑟 and 𝑖𝑟𝑟/𝑜𝑏𝑠 are when irradiated and observed at the same and 
different wavelengths, respectively. 
The numerical value of the reaction’s initial velocity (𝜐0 
𝑖𝑟𝑟/𝑜𝑏𝑠) can be derived from Eq. 
(5-1) [5]. 
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𝜐0 
𝑖𝑟𝑟/𝑜𝑏𝑠(𝑐𝑙𝑑) =  (𝜀𝐵
𝑜𝑏𝑠  −    𝜀𝐴
𝑜𝑏𝑠) × 𝑙𝑜𝑏𝑠 ×Φ𝐴→𝐵
𝑖𝑟𝑟  × 𝜀𝐴
𝑖𝑟𝑟 ×  𝑙𝑖𝑟𝑟 × 𝑃𝑖𝑟𝑟  ×  𝐹𝑖𝑟𝑟(0) × 𝐶0   
                                                                                                                                                              Eq.5-5 
Furthermore, it can be extracted from the differentiation of Eq. (5-3) (at t = 0), as [5]  
 
𝜐0 




















𝑖𝑟𝑟/𝑖𝑟𝑟(0))×𝑙𝑖𝑟𝑟/𝑙𝑜𝑏𝑠] − 1)                  Eq.5-6 
 
5.2.2. Elucidation method 
 
5.2.2.1. Elucidation methods of the study compounds 
There are three unknown parameters: the Φ𝐴→𝐵
𝑖𝑟𝑟  and Φ𝐵→𝐴
𝑖𝑟𝑟  quantum yields, and the 
absorption coefficient of the photoproduct (𝜀𝐵
𝑖𝑟𝑟). It was difficult to predict these 
parameters from the kinetic traces alone (fitting parameter 𝑘𝐴⇋𝐵
𝑖𝑟𝑟  Eq.5-3) because this 
cannot be solved by equation (5-3). In addition, to avoid degeneracy of the kinetic 
solution [36-38] (see section 5.3), an elucidation method was devised. This work will 
propose a method based on non-isosbestic irradiation.  
The elucidation method for the photoreversible reaction can be realised in three steps.  
(i) The first step involves determination of the concentrations of A and B at the 
photostationary state (pss). In this step, the photodegradation reaction under 
monochromatic and non-isosbestic irradiation is monitored by HPLC.  
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(ii) The second step involves reconstructing the absorption spectra of the 
photoproduct. Once the 𝐶𝐴(0) , 𝐶𝐴(𝑝𝑠𝑠) and 𝐶𝐵(𝑝𝑠𝑠) are known, 𝜀𝐵
𝑖𝑟𝑟 can be 








                 Eq.5-7 
 
 
(iii) Finally, the number of unknown factors is reduced to two (Φ𝐴→𝐵
𝑖𝑟𝑟 and Φ𝐵→𝐴
𝑖𝑟𝑟 ) 
whose absolute values at any irradiation wavelength can be determined by Eqs. 






𝑖𝑟𝑟  −   𝜀𝐴
𝑖𝑟𝑟)×𝑙𝑜𝑏𝑠  ×𝜀𝐴
𝑖𝑟𝑟× 𝑙𝑖𝑟𝑟× 𝑃𝑖𝑟𝑟  × 𝐹𝑖𝑟𝑟
(0)×𝐶0









𝑙𝑖𝑟𝑟× 𝑃𝑖𝑟𝑟  × 𝐹𝑖𝑟𝑟
(𝑝𝑠𝑠)
) − (Φ𝐴→𝐵
𝑖𝑟𝑟  ×   𝜀𝐴
𝑖𝑟𝑟)]               Eq.5-9 
This approach was introduced for the first time here and circumvents the exclusive 
requirement of the previous approach for isosbestic irradiation [2].  
5.2.3. Method to determine the percentage of A and B 
 
The degradation percentage is used to determine the composition of pss. The quantities 
of 𝐶𝐴(𝑝𝑠𝑠) and 𝐶𝐵(𝑝𝑠𝑠) at each irradiation wavelength are obtained by HPLC.  
Taking into account the mass balance equation, 𝐶𝐵(𝑝𝑠𝑠) =  𝐶𝐴(0) − 𝐶𝐴(𝑝𝑠𝑠), the 
percentage of compound at pss for each 𝑖𝑟𝑟 (% Apss) can be calculated by Eq. (5-10). 
% A𝑝𝑠𝑠 = 
𝐶𝐴(𝑝𝑠𝑠)
𝐶𝐴(0)
× 100                 Eq.5-10 
Otherwise, the degradation percentage at each irradiation wavelength can be obtained 
as Eq. (5-11). 
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𝐴𝐷𝑒𝑔 =  100 − 𝐶𝐴(𝑝𝑠𝑠) %                 Eq.5-11 
 
5.3. Identifiability issue 
 
5.3.1. The issue of the goodness of fitting versus reliability of fitting information  
 
Identifiability is basically a question of the uniqueness of solutions for certain types of 
mathematical models for specific attributes [7,8]. The identifiability problem usually has 
meaning in the context of unknown model parameters. The usual question is whether 
or not a unique solution can be found for unknown model parameters, from real 
experiments data collected. It is clear that the modelling process is a critical aspect, 
especially if the parameters are analogous to the physical attributes of interest and need 
to be quantified by the model [7,8]. So, when a degeneration of the kinetic solution as 
a direct result of lack of data is detected, the identifiability issue arises. Identifiability is 
a concern in reaction kinetics since different sets of possible values (kinetic solutions) 
can be determined for the series of unknowns of the reaction. This is the case when one 
takes into consideration the kinetic data of a reactive process, or even a single kinetic 
trace. Each of the different solutions means the experimental data are ideally suited, 
and therefore it is impossible to determine the real solution (with these logical 
solutions). The following is an example of identifiability for the ORVT case. 
This study discusses the problem of kinetic methods in terms of fitting and the utility of 
this type of reaction. Therefore, equation formula (Eq. 5-12) describes this kind of 
photokinetic reaction, where this formula can be determined by rearranging Eq. (5-3) 
and combining it with the mass balance. To conduct this study, it is necessary to 
implement variable numbers to unknown, variable parameters in this equation with 
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other parameters that are being held constant; this confirms whether the data fits or 
otherwise. After that, a comparison of these fittings is required. Moreover, using a 
known variable value parameter ( 𝛼 ), 𝜀𝐵
𝑖𝑟𝑟  can be easily calculated (Eq. 5-13) because 
 𝜀𝐴
𝑖𝑟𝑟  is known, where a comparison between the 𝜀𝐵
𝑖𝑟𝑟  can be made according to Eq. 5-
7 and calculated from Eq.5-13. 
 






















1.68 0.486 0.239 28261.8 1 2.01 0.92 1.39 2.01 
 
 
There are two unknown parameters in Eq. (5-12), which are  𝛼 and the overall rate 
constant (𝑘𝐴⇋𝐵
𝑖𝑟𝑟 ). 







              Eq.5-12 
Where the α parameter is given by    
𝛼 = (𝜀𝐴
𝑖𝑟𝑟 − 𝜀𝐵
𝑖𝑟𝑟) × 𝑙𝑖𝑟𝑟                  Eq.5-13 
The change in concentration ∆𝐶 is calculated by  
∆𝐶 = 𝐶𝐴(0) − 𝐶𝐴(𝑝𝑠𝑠)                 Eq.5-14 
Firstly, this work shows that the concentration was well fitted with equations 5-12, 5-13 
and 5-14 (Fig. 5-1). 
 








Figure 5- 1: Evolution of E-ORVT concentration (CA (0) = 2 × 10−5M, CA (pss) = 3.2×10‐6 M) monitored 
by HPLC when irradiated continuously with a monochromatic beam at 328 nm (2.01 × 10−7 einstein 
s−1dm−3, 22◦C) and fitted by Eq.5-12. 
To confirm if this equation can be used or otherwise, low and highly variable values of 
𝛼 need to be chosen. Results were obtained and fitted using equation 5-12 (Fig.5-2) 
(Table 5-1 and 5-2). Moreover, a comparison between 𝜀𝐵
𝑖𝑟𝑟  value was calculated by Eq. 
(5-7) and 𝜀𝐵
𝑖𝑟𝑟  value was calculated via Eq. (5-13). Using variable numbers, it was found 
that there are significant variations in the 𝜀𝐵
𝑖𝑟𝑟values. This means that it is difficult to 
state which 𝜀𝐵
𝑖𝑟𝑟  value is true. In addition, there are variations in the values of ΦE→Z
irr and 
ΦZ→E
irr , which are calculated by Eq. (5-15) and (5-16) (Table 5-2). These confirm that the 
results from this equation cannot be used in this instance because different  𝜀𝐵
𝑖𝑟𝑟  values 
are found and, consequently, it is impossible to choose which one right.  
Thus, this section will describe the inability of the kinetic method to describe the 
photochemical reaction. Moreover, this study shows that the value of some parameters 
could be predicted using Eq. (5-12), such as  𝛼 and 𝑘𝐴⇋𝐵
𝑖𝑟𝑟 . However, there are similar 
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this species as regards the kinetic method. In addition, there are several parameter 
values that have the same fitting (Fig. 5-2 and Appendix I), meaning there are different 
possibilities that can fit the HPLC traces with different results in each case. Thus, in this 
instance, the results cannot be held to be either true or false. This study confirms that 
the classical kinetics model cannot be used to calculate 𝜀𝐵
𝑖𝑟𝑟, ΦA→B
irr and ΦA→B
irr . Also, this 
study shows that this kind of fitting is not sufficiently powerful to support or to be used 
as a reference when determining 𝜀𝐵
𝑖𝑟𝑟, ΦA→B
irr  and ΦA→B
irr . Thus, this work has confirmed 







𝑖𝑟𝑟× 𝑙𝑖𝑟𝑟× 𝑃𝑖𝑟𝑟  × 𝐹𝑖𝑟𝑟
(𝑝𝑠𝑠)×𝐶0






𝑖𝑟𝑟× 𝑙𝑖𝑟𝑟× 𝑃𝑖𝑟𝑟  × 𝐹𝑖𝑟𝑟
(𝑝𝑠𝑠)×𝐶0
               Eq.5-16 
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Figure 5- 2: a,b. The E-ORVT concentration monitored by HPLC when irradiated continuously with a monochromatic beam at 328 nm (2.01 × 10−7 einstein 
s−1dm−3, 22◦C) and fitted by Eq.5-12 using variable numbers, which in Fig (A) and (B) the 𝛼 values at case 1 and case 4 respectively.  
Table 5- 2: Examples of fitting parameters and calculated unknowns for the reaction of ORVT in ethanol. 




𝛼 35391.74 2500 35586 49256 52145 75000 100000 
kA⇋B
irr /min-1 0.3 0.138 0.18 0.185 0.2 0.267 0.32 
kA⇋B




irr/M-1 cm-1 10653.97 27018.02 10557.33 3756.33 2319.02 -9051.63 -21489.44 
ΦA→B
irr  0.23 0.13 0.17 0.17 0.19 0.29 0.35 
ΦB→A
irr  0.21 0.025 0.084 0.24 0.29 -0.17 -0.09 
a: Using elucidation method to determined quantum yields and εB
irrcalculated using Eq.5-7. b-g: εB
















0 20 40 60 80
b
Time / min
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5.4. Stability of compounds in ethanolic solution  
5.4.1. Electronic spectral characteristics of the drugs 
 
The UV electronic spectra of the stilbinoid group studied show two main bands (250-400 
(A-band) and 200-250 nm (B-band)) with the maxim between 295 and 328 nm, (4.47 ≥ 
logε ≥ 5.17) (Table 5-3, Fig. 5-3a). The four or five peaks characterising the electronic 
spectra of stilbinoids are attributed to π,π* transitions corresponding to the extended  
system which might have a minor contribution from the n,* transitions due to the 
presence of hydroxyl groups [9]. The bathochromic shift in the spectra of stilbene 
derivatives are due to the presence of electron donating groups, in the form of hydroxyl 
and methoxy groups substituted on the benzene rings [10,11]. This will influence the 
conjugated system and to move the absorption peak at long wavelength than stilbene. 
The location of the substituent will effect on the spectra, the para position show 
increase in the red shift while the meta has a little effect on the spectrum [12].  We 
notice that the subsitued on orthro and para positions is greater red shift in the A-band 
than meta (Fig. 5-3a, Table 5-3). In other words, the bathochromic shift of a specific band 
was significantly affected by the substituent position, m, m, o’,p’- tetrahydroxy stilbene 
(ORVT) has shown the effect of the substituent position on the move the A-band to 
longer wavelength compare to others. However, the m, m’- dihydroxy stilbene (PINO) 
show a little effect on the spectra 5 nm move toward in the A-band compare to stilbene. 
In addition, When the number of substituents on the benzene rings increases to 
between two to four substitutes, then ≈5-33 nm bathochromic shifted in the spectra 
(ORVT > PTERO,RVT >PINO) compare to stilbene (Table 5-3). Continuous monochromatic 
103 | P a g e  
 
irradiation (Fig. 5-3a) of the E-STIL and its derivatives demonstrate an increase in 
intensity of spectral features in some sections of the spectrum and a decrease in others. 
This change in the spectrum indicates that a chemical transformation has occurred. 
From the experimental observations, the colour of the solution did not change, and no 
precipitation was present in the solutions during the transformation, and no cyclization 
products could subsequently be identified. 
The electronic spectrum of DAE in open form is characterised by three peaks, while the 
closed form is characterised by five (Table 5-3).  The photochemical reaction of the O-
DAE lead to a new band at the visible region, which related to the closed form (coloured). 
C-DAE (cyclic) is formed under UV light in range (200-400nm). In the closed cyclic form, 
the π-electrons are delocalized, causing the energy gap to become small [13], and hence 
the change in colour of the solution[13]. The absorption spectrum of the open form was 
in the UV range with a max at 225 nm. The red shift, observed in the open form 
absorption spectrum, is shown by a band at 520 nm.  
 
Figure 5- 3:  UV/Vis Spectrum in pure ethanolic solution before degradation of (a) E- isomer of STIL, 
PINO, RVT, PTERO and ORVT (5.5 × 10-6, 2.35 × 10-5, 1.88 × 10-5, 1.95 × 10-5 and 2 × 10-5 M, respectively 

















1. STIL (____); 2. PINO (− ∙ ∙ − ∙∙ −); 3. RVT (∙∙∙∙∙∙);  
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Table 5- 3: Features of the studied compounds and photoproducts. 
Compound 
Features of the 
compound (E) 
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Compound 
Features of the 
compound (E) 















































































*The underline represents the maxima wavelength, the wavelength between the bracket 
represent the shoulders  
 
5.4.2. Photostability of the study compounds in Ethanol 
 
The spectral evolutions of the E-RVT and E-PTERO produced just one isosbestic point, 
where the other compounds produced three and E-STIL produced two. These isosbestic 
points meant no secondary reactions occurs during the transformation reaction (Fig. 5-
4 and Appendix I).   
The chromatographic analyses of the irradiated sample showed only two peaks (the 
main compounds and its photoproduct) for all the tested compounds. The HPLC 
chromatograms show that there is no complete depletion of the starting derivatives, 
indicating the equilibrium state between the A and B. These characteristics are related 
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to photoreversible mechanism AB (2). However, the chromatogram of C-DAE is 
completely depleted as the ring opening reaction mechanism AB (1Φ)𝜀𝐵=0 regenerates 
A.  
 
Figure 5- 4: Evolution the electronic absorption spectra of E- STIL and C-DAE (5.5 × 10-6 and 3.42x 10-6 M, 
respectively) in ethanol solutions subjected to continuous irradiation with a monochromatic beam at 325 
and 520 nm (4.79 ×10-7 and 1.46 × 10-6 einstein s-1 dm-3), respectively. The arrows indicate the direction of 
the evolution of absorption maxima during photoreaction and vertical line cross the spectra at the 
isosbestic point. 
 
5.4.3. Effect of irradiation wavelength on photodegradation traces 
 
The light distribution spectral and the compounds spectral properties play a role in the 
compounds’ photodegradation [14,15].  
Similarity of the absorption spectra of the compounds is not sufficient to predict the 
relevant wavelength range, hence not all absorbed light lead to photodecomposition 
[16].  
The study compounds were thermally stable in ethanol at 22°C but react to light at 
different rates. For instance, the reactions of STIL, ORVT and PINO were all reach to pss 
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Figure 5- 5:  Photokinetic traces of E-PINO (2.16 × 10-5 M) and C-DAE (3.42x 10-6 M) in ethanol 
solutions at different irradiation wavelengths (λirr) and λobs= 300 and 520 nm, respectively. The circles 
represent the exp. data while the lines represent the fitting traces using Eq.5-3. 
 
The ethanolic solutions of the compounds studied under illumination at various 
monochromatic wavelengths was selected from the main absorption spectrum of these 
compounds. The kinetic traces of the study compounds’ degradation were monitored at 
specific observation wavelengths for these compounds, and were fitted into Equation 
(5-3) (Fig. 5-5 and Appendix I).  
Eq. (5-3) used to fit all experimental traces (Fig. 5-5) related to the E-Z overall rate 
constant values (𝑘𝐴⇋𝐵
𝑖𝑟𝑟 ) of the study compounds’ photodegradation reaction. It was 
found that the 𝑘𝐴⇋𝐵
𝑖𝑟𝑟  values increased and then decreased with increasing wavelength 
(Table 5-4). However, these values must be considered with some caution because of 
the inconsistency in the 𝑘𝐴⇋𝐵
𝑖𝑟𝑟  values that was observed as wavelength increased. Hence, 
they all depend on different factors such as quantum yields (Φ) of the drug at specific 
wavelengths, the extinction coefficients of both species (𝜀𝐴
𝑖𝑟𝑟and 𝜀𝐵
𝑖𝑟𝑟), and the intensity 
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measure all the parameters, especially the quantum yield, to allow for an even-handed 
comparison.  
This argument is even more critical when the kinetic data are treated by classical thermal 
order kinetics and/or when polychromatic light is used [2].  
Table 5- 4: Overall photoreaction rate constant, spectroscopic and kinetic parameter values of 

















0.144 0.0570 3.29 0.00055 
240 0.143 0.0580 4.39 0.0007 
270 0.142 0.0516 4.07 0.00245 
280 0.141 0.0530 2.79 0.0032 
290 0.146 0.0550 2.79 0.0055 
300 0.142 0.0492 3.19 0.0088 
310 0.141 0.0496 3.48 0.011 





0.539 0.209 3.40 0.00128 
290 0.556 0.200 4.16 0.00405 
300 0.530 0.179 5.45 0.0069 
310 0.536 0.207 6.29 0.01 
320 0.511 0.174 6.09 0.012 




0.620 0.114 2.08 0.0009 
270 0.610 0.271 4.65 0.0015 
290 0.622 0.277 2.81 0.0049 
300 0.627 0.278 3.39 0.0084 
310 0.626 0.278 3.94 0.0125 
320 0.627 0.277 4.07 0.0148 
330 0.625 0.276 5.18 0.017 




0.474 0.222 1.79 0.0004 
295 0.492 0.270 2.52 0.0015 
310 0.474 0.219 2.10 0.0025 
320 0.489 0.240 5.41 0.0085 
328 0.486 0.240 2.39 0.0047 
340 0.498 0.216 2.83 0.0068 
350 0.480 0.215 3.21 0.0080 
360 0.468 0.175 4.60 0.0150 



















0.476 0.189 9.31 0.001 
250 0.453 0.195 8.86 0.002 
280 0.466 0.195 8.75 0.007 
290 0.456 0.201 7.99 0.001 
300 0.441 0.165 7.67 0.020 
320 0.439 0.141 10.60 0.042 
330 0.431 0.128 12.66 0.043 




0.010 0.035 3.61 0.002 
290 0.011 0.035 3.99 0.003 
330 0.011 0.034 5.4 0.0042 
350 0.010 0.034 10.06 0.0074 




0.036 0 16.70 0.0052 
420 0.036 0 15.30 0.0055 
430 0.037 0 16.70 0.0055 
460 0.037 0 18.60 0.0063 
480 0.037 0 18.00 0.008 
520 0.037 0 14.60 0.0101 
 
5.5. Kinetic elucidation  
 
5.5.1. Determination of the photostationary state’s composition  
 
The photostationary state solutions of all compounds were analysed by HPLC. 
 






































Z-STIL,  6.25 min
O-DAE ,3.69 min
C-DAE, 5.59 min
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5.5.2. Reconstruction of the whole spectrum of the photoproduct 
 
The absorption spectrum of the photoproduct (𝜀𝐵
𝑖𝑟𝑟) can be reconstructed using Eq. (5-
7) (Fig.5-7) and the absorption spectra of the reaction medium at the initial time and at 
the photostationary state (the reconstruction is carried out without physically 
separating the photoproducts of the study compounds from the reaction medium).  
Photoisomers have more vibrational structure than the starting material.   
For all the study compounds, the new peaks related to photoproducts were observed 
regardless of the irradiation wavelength. These attributes indicate that a photochemical 
mechanism does not change with irradiation.  
  
Figure 5- 7: Native and reconstructed electronic absorption spectra (absorption coefficient units) of 
E‐isomers and its Z‐ isomers photoproduct of ORVT and DAE at open and close form. 
 
5.5.3. Determination of the Reaction quantum yields  
 
Once the absorption coefficients of the photoproduct were known, the individual 
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using Equations (5-6) and (5-4). The numerical value of the reaction’s initial velocity (𝜈0) 
can be determined using Eq. (5-7). Both forward and reverse quantum yields have been 
found to be wavelength dependent (Fig.5-8). Increases of between two- and 17-fold 
have been recorded for the Φ𝐴→𝐵
𝑖𝑟𝑟 values of E-stilbenoids in the wavelengths range 220 
nm – 350nm (Fig. 5-8, Table 5-5). However, the variation in the Φ𝐵→𝐴
𝑖𝑟𝑟  values within the 
same wavelength range were much more important, ranging between a factor of seven 
and 166. This result suggests that the reverse reaction (Φ𝐵→𝐴
𝑖𝑟𝑟  ) was more highly affected 
by the variation of the irradiation wavelength.  
In contrast, the reverse quantum yield of the 𝐶 → 𝑂 reaction of DAE is less affected by 
the different irradiation wavelengths between 280-380 nm, whereas, in the same 
wavelength range, the forward quantum yield reaction undergoes a six‐fold increase.  
In case the ORVT, the phototransformation of Z-isomer is less efficient than E-isomer, 
this might be due to the geometric strain, when the two big groups in the E-isomer forms 
are opposite side to each other, then they interact less with each other than with the Z-
form, where larger groups in Z-isomer are less separate and have lower independence.   
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Table 5- 5: Quantum yields, overall rate-constant, absorption coefficients and initial velocity values for studies compounds photodegradation reactions 

















/ M-1 cm-1 
𝜺𝑩
𝒊𝒓𝒓 
/ M-1 cm-1 
𝑭𝒊𝒓𝒓(𝟎) 
(𝚽𝑨→𝑩
𝒊𝒓𝒓  ± SD) x 
102 
(𝚽𝑩→𝑨
𝒊𝒓𝒓  ± SD) 
x 102 
t-STIL 
220 3.29 0.063 0.00062 0.13 15291.73 20136.40 2.08 2.26± 0.05 0.53± 0.01 
240 4.39 0.023 0.0007 -0.37 3288.49 12100.97 1.95 4.11± 0.04 5.46± 0.06 
270 4.07 0.057 0.002 -0.44 15233.66 10641.09 1.91 7.18± 0.07 0.31± 0.08 
280 2.79 0.058 0.0032 -1.41 22887.44 9745.44 1.79 9.49± 0.03 5.56± 0.06 
290 2.79 0.063 0.0055 -3.62 28107.85 7874.21 1.67 12.85± 0.06 14.69± 0.42 
300 3.19 0.049 0.0088 -6.57 28556.52 4881.19 1.67 17.50± 0.14 28.76± 0.76 
310 3.48 0.039 0.012 -9.68 25574.18 2008.46 1.67 23.74± 0.32 88.09± 0.53 
325 4.79 0.015 0.014 -6.76 12995.59 215.29 1.95 38.35± 0.41 590.16± 0.38 
PINO 
280 3.40 0.287 0.0023 -1.24 14639.63 9373.60 1.07 
 
10.49 ± 0.29 12.54 ± 3.68 
290 4.16 0.229 0.0038 -5.48 20798.74 8123.77 0.92 11.28 ± 1.57 9.65 ± 1.27 
300 5.45 0.179 0.0069 -11.66 24570.59 5683.90 0.82 12.36 ± 0.90 14.93 ± 1.27 
310 6.29 0.089 0.0105 -18.78 24309.56 2981.40 0.85 14.24 ± 0.73 25.93 ± 5.33 
320 6.09 0.043 0.0112 -18.14 18158.69 1376.58 1.19 19.73 ± 1.09 45.45 ± 13.90 
330 6.99 0.044 0.011 -14.70 11202.53 579.21 1.31 27.69 ± 1.68 87.98 ± 3.47 
RVT 
235 2.79 0.359 0.00057 0.25 19103.93 21583.61 1.21 5.94± 0.35 0.27± 0.13 
270 4.65 0.214 0.0016 1.19 8911.25 14637.99 1.66 8.93± 0.56 2.59± 0.25 
290 2.81 0.334 0.0038 -3.95 25842.63 14399.99 0.93 13.86± 0.45 15.13± 0.99 
300 3.39 0.315 0.0075 -11.29 31183.23 11877.18 0.81 18.59± 0.43 27.82± 1.33 
310 3.94 0.279 0.0125 -21.66 32541.43 8452.25 0.75 24.18± 0.34 51.69± 0.59 
320 4.07 0.222 0.0148 -26.89 32092.79 5628.32 0.76 26.51± 0.34 72.68± 2.39 


















/ M-1 cm-1 
𝜺𝑩
𝒊𝒓𝒓 
/ M-1 cm-1 
𝑭𝒊𝒓𝒓(𝟎) 
(𝚽𝑨→𝑩
𝒊𝒓𝒓  ± SD) x 
102 
(𝚽𝑩→𝑨
𝒊𝒓𝒓  ± SD) 
x 102 
RVT 
330 5.18 0.147 0.017 -30.72 26408.03 3099.77 0.86 27.82± 0.85 79.36± 3.03 
340 7.03 0.074 0.017 -26.09 18080.62 1941.63 1.16 29.03± 0.44 48.69± 1.87 
ORVT 
260 1.95 0.097 0.00028 0.13 3137.99 7239.39 2.03 6.90 ± 0.86 2.30 ± 1.02  
295 2.25 0.227 0.0016 -1.29 18858.67 11834.99 1.18 
 
10.50 ± 0.17 4.30 ± 0.42  
310 2.29 0.232 0.0026 -1.84  18800.78 12053.62 1.21 15.40 ± 1.32  9.10 ± 1.72  
320 4.68 0.252 0.009 -11.17 25047.97 12150.87 0.99 21.34 ± 0.14 13.97 ± 0.11 
328 2.01 0.239 0.005 -7.35 28261.80 10654.78 0.92 23.30 ± 1.57 21.91 ± 3.21 
340 4.02 0.148 0.015 -23.44 26490.31 7110.86 1.01 35.01 ± 1.32 26.34 ± 5.77 
350 4.55 0.096 0.015 -21.94 17801.98 3912.45 1.16 43.80 ± 1.60 26.26 ± 1.4 




































































































































                                                         DAE (𝚽𝑶→𝑪
𝒊𝒓𝒓  ± SD) x 102 𝚽𝑪→𝑶
𝒊𝒓𝒓  ± SD) x 
102 280 3.61 0.0878 0.0021 7.29 12482.99 4176.56 2.03 11.0± 0. 2 9.0± 0. 70 
290 3.99 0.0926 0.0035 7.71 11637.17 4926.17 1.98 11.0± 0.07 15.0± 2.70 


















/ M-1 cm-1 
𝜺𝑩
𝒊𝒓𝒓 
/ M-1 cm-1 
𝑭𝒊𝒓𝒓(𝟎) 
(𝚽𝑶→𝑪
𝒊𝒓𝒓  ± SD) x 
102 
𝚽𝑪→𝑶
𝒊𝒓𝒓  ± SD) x 
102 
DAE 
330 5.4 0.0508 0.0041 5.84 5779.46 2274.52 2.14 23.04± 0.5 22.40± 0.40 
350 10.02 0.0340 0.0074 18.70 11666.94 869.58 2.25 38.0± 0.06 12.0± 2.70 
360 10.06 0.0211 0.008 13.20 11262.89 479.617 2.28 52.0± 0.1 14.0± 0.2 
380 13.20 0.0033 0.007 1.76 4561.76 229.51 2.29 63.0± 2.0 22.0± 0.11 
410 
 
16.70 0 0.0052 -5.67 4139.072 162.00 2.24 - 16.30± 0.08 
420 15.30 0 0.049 -3.40 4536.28 162.00 2.26 - 15.40± 0.04 
430 16.70 0 0.0055 -8.20 4847.36 219.45 2.22 - 14.70± 0.02 
450 16.47 0 0.005 -5.36 4667.02 215.58 2.24 - 14.10± 0.006 
460 18.60 0 0.0061 -8.98 5087.53 221.64 2.22 - 13.90 ± 0.04 
480 18.00 0 0.0086 -21.50 7483.98 246.44 2.17 - 13.80± 0.005 
520 14.60 0 0.0101 -34.39 10905.79 256.5075 2.12 - 13.80± 0.09 
535 18.70 0 0.0125 -44.75 10550.33 267.01 2.11 - 13.80± 0.02 
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It is also interesting to notice that the quantum yields of 𝑍 → 𝐸 were larger than those 
of the 𝐸-isomers with the exception of ORVT (Table 5-5). The difference in quantum yileds 
between two isomers (E- and Z-) suggest that it may be a difference in the photoisomers’ 
exited- state of each species, that does not support the hypothesis that both isomers are 
decay from a common intermediate. 
The calculated percentage of photodecomposition of studied compounds in ethanol 
were found in the 240–380 nm range to be between 25 and 97% (Figure 5-8, Appendix 
I, Table 1). In general, the degradation percentage increase with irradiation wavelength 
(Figure 5-8). These findings show that the photoreaction supports the 
phototransformation of E-isomers, in which the Z-isomers contributes significantly to 
the composition of the pss species. This finding implies that this method makes it easy 
to determine the degradation percentage (without need to use HPLC), and also it shows 
that the degradation percentage is dependent on wavelength. This means that exposure 
of the study compounds to light (UVA and/or visible) lead to the complete depletion 
these compounds, and so it is strongly recommended to protect the study compounds 
from exposure to light (Fig.5-9). The percentage degradation would also help to decide 
about the appropriate dosage of the API in the formulation. 
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Figure 5- 8: Relationship between 𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 % with irradiation wavelength ( 𝑖𝑟𝑟) of E-STIL and 
E-PTERO. 
 
Good sigmoid correlations of the experimental values (Φexp.) for these irradiation 
wavelengths (Fig. 5-9, and Table 5-6) were found. Eq. (5-17) can be used to calculate the 
quantum yield at any wavelength. In contrast, the linear correlation in two ranges (330-
350 and 350-380 nm) of the Φexp of C-DAE were found (Eqs. 5-18 and 5-19). 
  
Figure 5- 9:  RVT and PTERO forward 𝛷𝐴→𝐵
𝑖𝑟𝑟 and reverse 𝛷𝐵→𝐴
𝑖𝑟𝑟  photochemical quantum yield values 
determined at different irradiation wavelengths. Inset: the linear‐ relationship of the experimental 
and calculated (Eq.5-17) values of the forward (𝛷𝐴→𝐵
𝑖𝑟𝑟 ) and the reverse (𝛷𝐴→𝐵
𝑖𝑟𝑟 ) quantum yields. 
 
Φ𝐴→𝐵 (𝑋)
𝑖𝑟𝑟 = 𝐴 +
𝐵
1+𝐶×𝑒−𝐷(𝑖𝑟𝑟−𝐸)
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Φ𝐷𝐴𝐸 𝐶→𝑂 (330−350)
𝑖𝑟𝑟 = −0.0053 × 𝑖𝑟𝑟 + 1.9915 (UV irradiation)                     Eq. 5‐18 
Φ𝐷𝐴𝐸 𝐶→𝑂 (350−380)
𝑖𝑟𝑟 = 0.0035 × 𝑖𝑟𝑟 − 1.1197 (UV irradiation)               Eq. 5‐19 
Where the equation parameters represent in Table 5‐6. 
Table 5- 6: The values of (A, B, C, D and E) in sigmoid equation (5‐17). 
Compound (X) Reaction  A B C D E 
t‐STIL 𝐴 → 𝐵 0.021 1.125 39 0.045 260 
𝐵 → 𝐴 0.004 4.15 26 0.1145 293 
PINO 𝐴 → 𝐵 0.1 0.5 210 0.0921 278 
𝐵 → 𝐴 0.1 1.8 270 0.106 280 
RVT 𝐴 → 𝐵 0.06 0.237 14 0.08 265 
𝐵 → 𝐴 0.005 0.901 21 0.098 275 
ORVT 𝐴 → 𝐵 0.068 0.417 440 0.0826 254 
𝐵 → 𝐴 0.025 0.28 135 0.0925 270 
PTERO 𝐴 → 𝐵 0.4 0.45 85 0.051 219 
𝐵 → 𝐴 0.005 1.03 70 0.08 261 
DAE (280‐380) 𝑂 → 𝐶 0.09 0.57 105 0.049 259 
DAE (280‐330) 𝐶 → 𝑂 0.0615 0.165 80 0.192 266 
C‐DEA (vis) 𝐶 → 𝑂 0.138 0.068 1.7 0.061 410 
 
Thus, the quantum yield of E/Z photoreversible systems should, a priori, be considered 
wavelength dependent. These results confirm the utility of the easy‐to‐implement and 
reliable Φ‐order model. It allows the determination of quantum yield values and 
identifies their dependence on wavelength. 
5.6. Pseudo Constants 
 
The 𝛽𝑖𝑟𝑟 factor values were calculated from the experimental data for 𝑘𝐴⇌𝐵
𝑖𝑟𝑟  and 𝑃𝑖𝑟𝑟, as 
described in Table 5-4, based on Eq. 5-4. By plotting the 𝛽𝑖𝑟𝑟factor values against the 
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corresponding wavelengths, a sigmoid-shaped graph is obtained (Fig. 5-9, Eq. 5-20), 
except for the O-DAE graph which is triangle-shaped. Moreover, the 𝛽𝑖𝑟𝑟 factor 
methodology was used previously by Maafi group [1,4,5,17–20] and provided the scale 
of the photoreactivities through the 𝛽𝑖𝑟𝑟 factor (Table 5-7), which is the value of the 
𝛽𝑖𝑟𝑟 factor relative to fast and slow photoreactivity due to this factor being light 
intensity independent. Because it is difficult to replicate light intensities between 
different laboratories [17,21], this leads to inaccuracies in the overall rate constant in 
this comparison. Therefore, it might be this factor can help to solve the difficulties 
inherent to comparing the photodecomposition results achieved under different 
circumstance [20]. 
𝛽𝑖𝑟𝑟,𝑋 = 𝐴 +
𝐵
1+𝐶×𝑒−𝐷(𝑖𝑟𝑟−𝐸)
             Eq. 5‐20a 
Where the values of A, B, C, D and E are given in Table 5‐6. 
Table 5- 7: Values of (A, B, C, D and E ) in 𝛽𝑖𝑟𝑟,𝑋 equation 20a. 
Compound (X) A B C D E 
t-STIL 1550 38900 62 0.1 251 
PINO 5500 14400 1.35 0.11 297 
RVT 2303 38500 79 0.101 256 
ORVT 2220 23900 139 0.088 260 
PTERO 700 38500 96 0.084 242 
C-DAE 3100 4000 0.12 0.08 510 
 
𝛽𝑖𝑟𝑟,𝑂−𝐷𝐴𝐸 (280−350) = 32.32 × 𝑖𝑟𝑟 − 3236.1           Eq. 5‐20b 
𝛽𝑖𝑟𝑟,𝑂−𝐷𝐴𝐸 (350−380) = −93.65 × 𝑖𝑟𝑟 + 41018           Eq. 5‐20c 
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Figure 5- 10: Calculated 𝛽𝑖𝑟𝑟  values (circles) for E-STIL and E-ORVT as examples using Eq. (5-4) and 
the values of 𝑘𝐴⇌𝐵
𝑖𝑟𝑟   and 𝑃𝑖𝑟𝑟 provided in Table 5-5. The sigmoid model, Eq. 5-20a (line) was used to 
fit the experimental data. 
 
Table 5- 8: Comparative 𝛽𝑖𝑟𝑟 values for several drugs and a proposal for a ranking scale    
Compound 
Pseudo Rate Constant 
(βirr) 
/einstein-1 dm3 
Ranking Group ref 
Monochromatic studies 
Rvt 4207-36582 




Montelukast 2251-28069 [5] 
Orvt 5454-24970 [18] 
Pino 6764-18390  
Axitinib 2193-14552 [22] 
Tranlast 1079-10387  
Nifedipone 8117-9776 
Group ІІ: 6 >  x 103 > 10 
[1] 
Nisoldipine 7558-8851 [20] 
O-DAE 5812-8074  
C-DAE 3111-6895 
Sunitinib 1560-5847 [3] 
Dacarbazine 2121-4013 Group ІІІ: 2 >  x 103 > 6 [4] 
Fluovoxamine 818-2077 
Group ІV:  < 2000 
[19] 
Riboflavine 226-422 [17] 
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5.7. Discussion  
 
There are few models, to best of our knowledge, in the literature [23–27] that are used 
to describe the photochemical reaction for three AB systems. We worked on discussing 
these models, and comparing them with ours as following. 
The photokinetic models of the photochemical reaction AB (1Φ)𝜀𝐵=0system [23–26,28] 




  = Φ𝐴→𝐵𝑃𝑎𝑏𝑠,𝑖𝑟𝑟 = Φ𝐴→𝐵𝑃0,𝑖𝑟𝑟 (1 − 10
−𝜀𝐴
𝑖𝑟𝑟𝐶𝐴(𝑡)𝑙)            Eq.5-21 
Where the 𝑃𝑎𝑏𝑠,𝑖𝑟𝑟 is the light absorbed by the molecules. 
In the AB (1Φ)𝜀𝐵=0system,  the Irie group [23] has used the same model proposed by Zepp 
[23], which was used to describe the closed-ring isomer of the dithienylethene 
derivative, and the method’s limitations will be described briefly later in the model 
proposed by Zepp [23]. However, in 2014, the Irie group [28] has proposed a model that 
was different to the model proposed in 1999 by same group [23], which used the same 
differential equation, Eq. 5-21. The model was given as 




𝑡              Eq.5-22 
Where 𝑁𝐴 is  Avogadro’s number, 𝑉 is the solution volume, which are scaled by a 
multiple of 1000 to correct the unit in this equation to convert from molecules to molar 
concentration. 
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However, Eq. (5-22) is similar to that proposed by Maafi group a long time ago [29]. 
Where when we use the change of base using the natural log as the base log, as given in 




                   Eq.5-23 
In order to change the base in Eq. (5-22), using the natural log as the base log, and if we 
assume that the concentration was the molar concentration, we can remove the 










𝑡 =  −𝜀𝐴
𝑖𝑟𝑟 × 𝑙 × Φ𝐴→𝐵𝑃0,𝑖𝑟𝑟𝑡           Eq.5-24 
There is a certain similarity in the integration between finding in this study and that of 
the Irie group [28]. Moreover, an interesting finding in results obtained in this study and 
those of the Irie group [28] was a similar pattern in the quantum yield with wavelength, 
where the quantum yield decreased with increasing wavelength (wavelength 
dependent). The quantum yield values were two-fold greater than the values of the 
current study; this was due to the solvent effect, where ethanol was used in the current 
study and n-hexan by the Irie group [28]. In addition, in the previous study [30] it was 
found that the polarity of the solvent will have an effect on the value of the quantum 
yield, where the quantum yield was two- to three-fold greater in nonpolar solvents than 
polar solvents. Also, the slight difference between the quantum yields found by the Irie 
group [28] (Φ𝐶→𝑂
517   = 0.28) and that reported by Maafi in hexane for the same molecule 
[29] (Φ𝐶→𝑂
517  = 0.242) might be due to the difference in light intensity. However, the Irie 
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group (1999) [23] reported that the quantum yield values were constant for the reaction 
in the visible range.  
Moreover, Stranius et al. [25] reported that the differential equation [43] was solved 
using the numerical integration function provided in the Matlab computer programme  
without mathematical simplification or analytical solutions.  
However, for the AB (1Φ)𝜀𝐵≠0  system, two methods [26,31] have been used to describe 
this system’s photochemical reaction. Mazellier [31] described the equations and 
parameters for the photochemical reaction, which first was proposed by Zepp [24], and 
this approach was used in several studies [23,31,32]. The model used the differential 
equation (5-21), when the total absorbance must be lower than 0.02 [31], which mean 
that the concentration of the compound is low, thus lead to the light absorption is weak. 
According to this, a Simpson expansion was allowed on the differential equation (Eq. 5-




  = 2.303 Φ𝐴→𝐵𝑃0,𝑖𝑟𝑟𝑙𝜀𝐴
𝑖𝑟𝑟𝐶𝐴(𝑡)                 Eq. 5-25 
 
Where the quantum yield was considered to be constant during the photoreaction, and 




  =  −2.303 Φ𝐴→𝐵𝑃0,𝑖𝑟𝑟𝑙𝜀𝐴
𝑖𝑟𝑟𝑡 = −𝑘𝑡              Eq.5-26 
This method was used to quantify the photodegradation and photostabilisation 
[23,31,32] of different compounds. We could conclude that the kinetics results of these 
studies [23,31,32] are that the photokinetic traces treated by first order kinetics, and 
also the quantum yield, was wavelength independent [23,31,32].  
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There is a certain deficiency in the differential equation (Eq. 5-25) (See Appendix VI.a), 
in that since an expansion is used, this will lead to the differential equation does not 
consider the amount light absorbed by both compounds. However, the differential 
equation for the photokinetics cannot be simplified in this manner due to 𝑃𝑎𝑏𝑠,𝑖𝑟𝑟 by the 
molecule, which should be taken into account in the differential equation [33]. In this 
case the light absorbed by the molecule vary during the photochemical reaction because 
of the concentration of the starting compound changed. Also, the time dependence of 
the absorbance factor (𝐹𝑖𝑟𝑟(𝑡)) will lead to an inability to integrate the rate equation in 
a closed form [1,29], where the factor 𝐹𝑖𝑟𝑟(𝑡) is dependent on the concentration (total 
absorbance of the media) [1,29]. Moreover, if the total absorbance, i.e. high 
concentration, was higher than 0.02, then the expansion was not existing it in this case 
due to it was not achieved the condition of the expansion.    
It is important to note that the 𝑘 is concentration independent (Eq. 5-26), however, the 
experimental rate constant of the photodegradation of different compounds [34–37] 
using this approach (Eq. 5-26) is changed with concentration. This finding lead to the 
contradiction between the theoretical (Eq. 5-26) and the experimental could be result 
from the approximation that used in the derivation of Eq. (5-25).   
In the model proposed by Stadler et al.  [26] was used the same differential equation 












          Eq.5-27 




                Eq.5-28 
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where 𝑘𝑓𝑖𝑡 represents the rate constant of the initial photokinetic traces using first-







  =  −𝑘𝑓𝑖𝑡(𝐴𝑡𝑜𝑡
𝑖𝑟𝑟(0) − 𝐴𝑡𝑜𝑡
𝑖𝑟𝑟(𝑝𝑠𝑠))              Eq.5-29 
In order to determine the quantum yield from the slope of the  𝑘𝑓𝑖𝑡𝐶𝐴(0) against 
𝑃0,𝑖𝑟𝑟 (1 − 10
−𝜀𝐴𝐶𝐴(0)𝑙𝑖𝑟𝑟), where 𝑘𝑓𝑖𝑡 was determined from initial slope of the 
experimental data over time at different light irradiation.  
According to deviation proposed above, it is clear that the equation of the rate for the 
photochemical reaction equation as given by Eq.5-27 is effectively equal to the first 
order rate equation, since their rate-constant is equal using the value obtained from 
Eq.5-29. This identity is not valid. Therefore, such an approximation cannot doubt on 
the validity of the result obtained. 
On the other hand, there are two of models that can be used to describe the 
photochemical reaction of the AB (2) system [23,27]. One of these models has been 
described by Irie group [23] who reported the rate of the photochemical reversible 
reaction, this is given by Eq. (5-30) after using the expansion (assuming 𝜀𝐴
𝑖𝑟𝑟𝐶𝐴(𝑡)𝑙  must 








𝑖𝑟𝑟 (1 − 10−𝜀𝐴
𝑖𝑟𝑟𝐶𝐴(𝑡)𝑙) − Φ𝐵→𝐴
𝑖𝑟𝑟 (1 − 10−𝜀𝐵





𝑖𝑟𝑟𝐶𝐵(𝑡))                                                          Eq.5-30 












𝑡            Eq.5-31 
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This equation might be correlated to equation represent the AB (1Φ)𝜀𝐵=0  system, and 
it could be taken as an AB (1Φ)𝜀𝐵=0  for each reaction (forward and reverse) and then 
sum the two equations to formalise Eq. (5-30). Indeed, this equation was describing a 
different mechanism than the photoreversible AB (2) (Appendix VI.C). Then if we 
applying this equation, it needs to irradiated the sample at different wavelengths at 
same time, which mean each compound will absorbed the light at specific wavelength 






 to introduce the photochemical 
differential equation of the photoreversible AB (2) mechanism mean that the both 
compounds absorbed light irradiation with different amount. In addition, there is no 
match between the integration of Eq. (5-30) with the concluding equation (Eq.5-31).  
By analyising the above models [23,26,31], it is evident that the above model has a 
limitation and lack to describe photochemical reaction due to use of assumption and 
prediction in the simplified differential equation (5-21). 
Ladanyi et al. [27] and Stranius et al. [25] reported that the differential equation of the 






















𝑘𝑡ℎ𝑒𝐶𝐵(𝑡)                      Eq.5-32 
Where 𝑘𝑡ℎ𝑒  is the rate constant for the thermal reaction. This equation describes all the 
relevant photochemical parameters. Nevertheless, three unknown parameters are 
existing in this equation, 𝜀𝐵
𝑖𝑟𝑟, Φ𝐴→𝐵
𝑖𝑟𝑟  and Φ𝐴→𝐵
𝑖𝑟𝑟 . It is difficult to quantify these unknown 
parameters. However, to solve this problem, a numerical method was employed using 
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the Matlab programme suite [24,26].  Where the study [27] has explain that  the molar 
absorption coefficients were obtained using numerical methods for each wavelength 
[27] whilst the quantum yields were estimated as the analytic least-squares fit the 
system of (N – 1) equations, and which are similar to the Matlab results [27].   
On the other hand, Stranius et al. [25] reported a method to determine the quantum 
yields. Firstly, the quantum yield of A or B is obtained using a specific wavelength, at this 
wavelength only the one compound absorbed the irradiatation light, and the quantum 
yield is quantified as AB (1Φ)𝜀𝐵=0  system (this suggestion could be difficult to be 
achieved due to the reaction is reversible reaction), or using the previous reported 
quantum yield values. Then, 𝜀𝐵
𝑖𝑟𝑟 is determined through irradiation of the compound 
until it reachs the photostationary state, at which point the total absorbance of the 
compound was recorded using a spectrophotometer, and then quantified in terms of 
the concentrations of each species present using an analytical technique such as HPLC 
or NMR. This allows the absorption spectrum of B to be recalculated. When the quantum 
yield is known for one species (A or B), the quantum yield for other species (B or A) can 
obtained using Eq. (5-32) in Matlab to fit the experimental data. Moreover, the dynamic 
equilibrium constant ( 𝐾⇋
𝑖𝑟𝑟) was used to obtain the quantum yield (𝐾⇋
𝑖𝑟𝑟 =
𝛷𝐴→𝐵
𝑖𝑟𝑟  ×  𝜀𝐴
𝑖𝑟𝑟
𝛷𝐵→𝐴





).    
In this context, this method was used to redetermine the quantum yield of azobenzene 
in solution [25,27]. The outcome of Ladanyi et al.’s study [27] showed that the quantum 
yield is wavelength dependent. 
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In this model [25,27] the thermal rate constant was included due to there being a 
thermal reaction during the photochemical reaction and which is accordingly taken into 
account in Eq. (5-32). Nevertheless, Ladanyi et al. [27] and Stranius et al. [25]  fitted the 
data by using a computer software without any mathematical simplification of the Eq. 
(5-32). 
The -order kinetics were developed in this study, it was used to study 
photodegradation under monochromatic, continuous irradiation at the non-isosbestic 
point. There is a difference between  model present in this study and other models 
[24,26,38] with regard to the associated differential equation. Whilst the photokinetic 
factor was involved and considered in the proposed model. The most interesting point 
about -order model was its significant agreement with the principle of the differential 
equation of the photochemical reaction.  
The rate-constants in model proposed in this work were found to change with changing 
concentration, where the overall rate constant is given by Eq. (5-4), the change in rate 
constant with change in concentration is due to all the parameters in Eq. (5-4) being 
independent of concentration except 𝐹𝑖𝑟𝑟(𝑡), which is concentration dependent. 𝐹𝑖𝑟𝑟(𝑡)  
is the photokinetic factor, which represents the fraction of the absorption by this 
compound in the overall absorption of the reaction mixture. As the concentration of the 
compound changes during the reaction this will led to a change in  𝑃𝑎𝑏𝑠 (and 𝐹(𝑡)) [1,2]. 
If the concentration increases, 𝐹𝑖𝑟𝑟(𝑡) will be decreased and then 𝑘 will be decreased. 
The same observation and confirmation that the rate constant decreases with increasing 
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concentration of the molecule in the study of effects of concentration on the rate 
constants for nifedipine and nisoldipine using -order kinetics were made [1,20]. 
While, other models [23,24] found that the rate constant, mathematically, was 
concentration independent. However, experimentally, there are differences when the 
rate-constant is obtained according to the Zepp model [24] with different 
concentrations [34–37]. 
Historically [39], quantum yield is expected to remain constant with irradiation 
wavelength in agreement with Kasha's rule [40]. Moreover, the quantum yield is 
considered wavelength independent, as mentioned in the methods above [23,24,26]. 
However, there are a number of studies that have reported that quantum yields change 
with wavelength or are not wavelength independent, i.e., that Kasha's rule is not 
followed [9,27,28,41–56]. In addition, Elisei, Mazzucato and Görner (1989) found that 
the quantified quantum yield values for stilbene derivatives such as 1-styrylnaphthalene 
and dinaphthylethylene in methylcyclohexane increased when irradiation wavelength 
increased within the range 313-366 nm from 0.16 to 0.30  and 0.04 to 0.08, respectively. 
In contrast, other studies [57–64] have showed the opposite effect in terms of 
wavelength, where  Φ𝑡𝑟𝑎𝑛𝑠→𝑐𝑖𝑠
𝑖𝑟𝑟  and Φ𝑐𝑖𝑠→𝑡𝑟𝑎𝑛𝑠
𝑖𝑟𝑟  decreased with increasing irradiating 
wavelength (Appendix I, Table I-2). Moreover, the quantum yields of the photochroms 
(open to closed form) were wavelength dependent, as has been found by various 
different studies [65–68]. The significant difference between the quantum yields for 
indolylfugide, as one of the open to closed forms in the photochrom system in toluene, 
where the associated quantum yields were reported in the Yokoyama study (Φ𝑂→𝐶
405   = 
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0.14 andΦ𝐶→𝑂
405  = 0.26) [67] and the Wolak study   (Φ𝑂→𝐶
427  = 0.20 andΦ𝐶→𝑂
427  = 0.10) [66]. 
In addition, the results obtained in this study showed that the quantum yield of C-DAE 
in ethanol (Φ𝐶→𝑂
517   is 0.14 ) was two-fold lower than in the hexane (Φ𝐶→𝑂
517   is 0.242) [29], 
which also confirms the solvent effect on quantum yield.  
Also, previous studies [57,69–73] showed that quantum yield is dependent on 
wavelength where the Φ𝑡𝑟𝑎𝑛𝑠→𝑐𝑖𝑠
𝑖𝑟𝑟  and Φ𝑐𝑖𝑠→𝑡𝑟𝑎𝑛𝑠
𝑖𝑟𝑟 of stilbene in benzene and n-hexane 
were reported to increase with increasing irradiating wavelength between 313-405 nm 
and 254-313nm, respectively. The values of the wavelength dependent Φ𝑡𝑟𝑎𝑛𝑠→𝑐𝑖𝑠
𝑖𝑟𝑟 and 
Φ𝑐𝑖𝑠→𝑡𝑟𝑎𝑛𝑠
𝑖𝑟𝑟  ranged between 0.36 – 0.42 and 0.28 – 0.32, respectively. Similarly, in this 
study the Φ𝑡𝑟𝑎𝑛𝑠→𝑐𝑖𝑠
𝑖𝑟𝑟  and Φ𝑐𝑖𝑠→𝑡𝑟𝑎𝑛𝑠
𝑖𝑟𝑟  of t-STIL and its derivatives were found to increase 
with increasing irradiation wavelength (220-360 nm) (Appendix I). 
Moreover, the effect of substitution on the quantum yield was established by several 
studies for the stilbene group [74–82]. The position of electron donating or withdrawing 
groups on the aromatic ring has been shown to result in a significant change in the value 
of the associated quantum yield [74–82]. The E-Z quantum yields for stilbene in different 
solutions were higher in the para positions than the meta positions (Appendix I, Table I-
3) [74–82]. The hydroxy in the orthro position shows a higher quantum yield than in the 
meta (Appendix I, Table I-3) [83]. Also, in acetonitrile, the quantum yield when the 
hydroxy was in the ortho position was found to be higher (Φ𝑡𝑟𝑎𝑛𝑠→𝑐𝑖𝑠
𝑖𝑟𝑟  = 0.39) than in the 
para (Φ𝑡𝑟𝑎𝑛𝑠→𝑐𝑖𝑠
𝑖𝑟𝑟  =0.35) [83]. Moreover, if there are more than one substituent 
disubstituted on the same benzene ring, the para position shows a higher quantum yield 
130 | P a g e  
 
than the meta position as well (see Table I-2 case m,p-dimethoxy, in appendix I) [81]. 
The results of this study show that higher quantum yields are observed for the silbenoid 
compounds is due to the hydroxy substituent being in the para and ortho positions in the 
ORVT (ORVT > RVT > PTERO > PINO). This finding is supported by the results discussed 
above [83]. Substituents in both positions (para and ortho) might lead to a synergistic 
effect on the value of the quantum yield.  
However, the findings from the previous studies is that there are no systematic studies 
that describe that the effects of irradiation on the quantum yields of the stilbenoids and 
the diarylethenes derivatives. Furthermore, these studies confirm that the 
photoisomerisation of the stilbenoids group and diarylethenes derivative are strongly 
wavelength dependent.   
5.8. Conclusion 
 
The recently proposed ‐order kinetics model describe well the traces of photokinetics 
of STIL and its derivatives. The effectiveness of the elucidation method opens a new 
perspective on modelling photoreactions 
This study confirms the dependence on wavelength of quantum yield. The reverse 
quantum yield increased with the variation irradiating wavelength according to sigmoid 
patterns. Increases between 7 and 294-fold were recorded between 220 nm and 350 
nm. However, the forward (Φ𝐴→𝐵
𝑖𝑟𝑟 ) quantum yields were less affected (2-17-fold 
increase) for same range. A 6‐fold increase in the Φ𝑂→𝐶
𝑖𝑟𝑟  values of O-DAE than C-DAE in 
the wavelength range 280-380 nm. 
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It seems that the quantum yield of E/Z photoreversible systems should be a priori 
considered wavelength dependent, as indicated by these results. Therefore, the average 
quantum yield values obtained using polychromatic irradiation might be deemed 
misleading and must be considered with care. 
Finally, this study indicates that this new approach using the kinetics model (Φ‐order) 
can easily be applied to many other drugs which have photounstable properties with 
the AB mechanism, regardless of being a photoreversible or unimolecular system. 
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Chapter 6 
Mathematical simulations of AB (1) 
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6.1. Introduction 
There have been no models, to date, that describe the photodegradation kinetics of 
drugs under polychromatic irradiation. The photodegradation tests carried out thus far 
have been modelled using classical thermal kinetics (i.e., zero-, first- and second-order 
reactions) [2–9]. This clearly represents a gap in the knowledge in the field of 
photostability [10–15]. Recently, a specific -order representation of the photoreaction 
behaviour of the specific case of monochromatic light irradiation has been described 
[10].  
This chapter considers the design of new kinetic strategies (and-kinetics) for the 
photodegradation AB (1Φ)𝜀𝐵=0, AB (1Φ)𝜀𝐵≠0 and photoreversible, AB (2) systems that 
occur under irradiation by polychromatic light. There properties and features will be 
determined from a closed-form integration, a numerical integration calculation, and 
from experiment. 
In this chapter, we have rationalized the drugs’ photoreaction behaviours by introducing 
the concept of ‘and-kinetics’, which represent new kinetic orders by which to 
describe photoreactions (and which are fundamentally different from the known 
classical reaction orders). The and-kinetics are applicable specifically to 
photodegradation AB (1Φ)𝜀𝐵=0, AB (1Φ)𝜀𝐵≠0 and photoreversible, AB (2) processes, 
respectively.  
In this study, we designated the photokinetic order under polychromatic light. This 
mathematical model will describe the time dependency of the reaction. 
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6.2. Numerical integration methods (NIMs) 
Due to the difficulties associated with integrating the rate law differential equation for 
the photochemical reaction under polychromatic light irradiation, we developed a new 
methodology to create and validate new order kinetics as -order kinetic to 
photokinetic study under monochromatic irradiation [10]. In order to solve the difficulty 
of integrate the rate law, the new order kinetic model for the various systems of the 
photochemical reaction were first proposed; however, whilst this allowed us to obtain 
certain models, one cannot simply conclude that such models are correct. Rather, each 
model needs to be tested using the generated or simulated data. To generate this data, 
one needs to approximate the values of the integrals of the complex equation through 
some appropriate tool, which in this instance is NIMs. NIMs is an independent 
mathematical method used to evaluate the value of an integral when a mathematical 
solution to the above problem has been found. This is a sensible way to test the validity 
of the proposal model because the model should be represent or give the same result 
for the independent mathematical method and the NIMs [16].  
The NIMs consist of different methods to find approximate values for such integrals (the 
function of these values is produced as a table of values).  In this study, MathCad was 
used, which uses NIMs based on the fifth Runge-Kutta. This software makes it easy to 
generate data over the integral time according to the input values. The values input into 
the software are related to the photoreaction parameters. These data are created one 
concentration at a time, and the generated data will show the change in the 
concentrations over time. From this, the output values illustrate the photochemical 
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reaction behaviour. Furthermore, the NIMs can generate a large number of 
photochemical reaction cases as proceed under different conditions. This will cover the 
more likely possibilities for the photochemical reaction, and can be used it to test the 
proposed model under different experimental conditions. Once the results of the test 
model with NIMs data are positive, that meaning the model is applicable to this stage.  
The advantages of this tool are that it generates accurate and precise photokinetic 
traces related to the input values, and identifies or detects any problems with the 
proposal model because the Runge-Kutta method is extremely precise, as confirmed by 
Maafi group when they developed the -order kinetics [10,12,16,17]. 
 
6.3. Data simulation using MathCad 
In order to generate data, different cases that proceed under different experimental 
conditions need to be proposed. These cases contain photochemical reaction 
parameters such as 𝐶𝐴 ,  ∑𝜀𝐴, ∑𝜀𝐵 , ∑Φ𝐴𝐵, ∑Φ𝐵𝐴, 𝑙𝑖𝑟𝑟   and ∑𝑃. The process by which 
data is generated is described in Scheme 6-1. 
  




















Scheme 6- 1: Flow chart showing how the data for the new order model under polychromatic 
light can be generated using MathCad. 
 
Insert the differential equation into 
MathCad. 
Depending on the formula insert the parameters 
(𝐶𝐴 ,∑𝜀𝐴, ∑𝜀𝐵 , ∑Φ𝐴𝐵, ∑Φ𝐵𝐴, 𝑙𝑖𝑟𝑟   and ∑𝑃) 
Model is valid. 
Define the analytical 
parameters 𝑘 and 𝜐0 from the 
model simulation. 
 
Define the analytical 
parameters 𝑘 and 𝜐0 from the 
mathematical equation. 
Test the proposal model against the 
photokinetic traces.  
Photokinetic traces of concentration vs. 





model values of 𝑘 
and 𝜐0  similar? 
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The data generated by MathCad is shown in figure (6-1), which describes the behaviour 
of three types of photochemical reaction systems. AB (1Φ)𝜀𝐵=0and AB (1Φ)𝜀𝐵≠0  
systems show that the concentration changes with time reach zero. However, AB (2) 
system, the change in concentration will not entirely (i.e., an equilibrium state will 
instead be reached).     
  
Figure 6- 1:  Photokinetic traces generated using MathCad for the three systems, which is related to 
the cases presented in table 6-1 and 6-3. 
 
6.4. -order kinetic model for AB (𝟏𝚽)𝜺𝑩=𝟎  
 
The differential equation for AB (1Φ)𝜀𝐵=0was solved using closed-form integration. The 
photokinetic model for this type of reaction under polychromatic irradiation was found 
to follow -order kinetics (log-exp kinetics). This kinetic model required only the 
concentration (𝐶𝐴 (𝑡)), sum of the absorption coefficients (∑  𝜀𝐴) and the sum of the 
absorbances (∑𝐴0) of the species A (∑𝐴0 = 𝐶𝐴 (0) × 𝑙𝑜𝑏𝑠 × ∑  𝜀𝐴), as given in Eq.6-1 (See 
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 × ∑  𝜀𝐴)






) × 𝑒(−𝑘𝐴𝐵𝑡))    Eq.6-1 
The sum of the absorption coefficients and the absorbances were proposed for use in 
the model, because the reaction proceeded under irradiation by multiple wavelengths, 
where each wavelength had a different light intensity to the others. The overall rate 
constant (𝑘𝐴𝐵) represents in equation 6-2 is dependent on the photochemical reaction 
parameters 𝛷𝐴𝐵,  𝜀𝐴, 𝑃𝑖𝑟𝑟, 𝑙𝑖𝑟𝑟  and ln 10, but is independent of the initial 
concentration, as:  
𝑘𝐴𝐵,𝑐𝑙𝑑 = ln 10  × 𝑙𝑖𝑟𝑟 × ∑(Φ𝐴𝐵 × 𝜀𝐴 × 𝑃)                              Eq.6-2 
The variation in light intensity was indicated by the overall rate constant, and is 
proportional to the change in the overall rate constant once the all the experimental 
conditions are the same.  
The initial velocity can be determined experimentally from the graph of the kinetic 




                 Eq.6-3 
Where the initial velocity is dependent on the reaction considered but independent of 
concentration.  
6.4.1. Testing the model with generated data 
 
The applicability of the -order kinetics developed under polychromatic light was 
achieved using independent theoretical simulated data, which was generated using a 
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fifth-order Runge-Kutta integration (RK) based on AB (1Φ)𝜀𝐵=0. More than 100 different 
synthetic kinetic traces were generated, with each system different to the others. This 
number of cases are used to check the probability of change in the parameters on the 
model and cover all possible of the reactions (Table 6-1). 
The fitting of the synthetic photokinetic traces was not sufficient to conclude that a 
model is suitable and applicable to this kind of photoreaction. However, there are two 
further parameters that can be used to validate the applicability of the model. These 
parameters are the overall rate constant and initial velocity, because these depend on 
photochemical reaction parameters such as 𝛷𝐴𝐵,  𝜀𝐴, 𝑃𝑖𝑟𝑟, 𝑙𝑖𝑟𝑟  , and  these parameters 
will indicate any change in the reaction due to the variation in 𝑃𝑖𝑟𝑟 in the course of the 
reaction.   
In this study, all the synthetic photokinetic traces showed good fits to model Eq.6-1, 
which is the first stage in determining the applicability of the model. In this regard, the 
model demonstrates a good fit in all cases in table 1. These fitting and mathematical 
models illustrate that -order kinetics are useful in terms of describing photoreaction 
AB (1Φ)𝜀𝐵=0system. The fitting of the synthetics photokinetic traces with the model are 
described in the figure (6-2). 
Table 6- 1: Example sets of data used to generate unimolecular photokinetic traces using 
the -order method and to calculate 𝑘AB using equation 1. 
Case 
𝑪𝑨 (𝟎) 















1 2.50 225980 2 0.31 2.50 0.0081 0.0081 
2 0.851 601543 2 0.23 1.5 0.0096 0.0096 
3 4.32 118970 2 0.78 2.00 0.0085 0.0085 
4 9.14 65650 2 0.48 5.5 0.0079 0.0079 



















5 3.65 151230 2 0.15 7 0.0073 0.0073 
6 24.0 24560 2 0.062 150 0.011 0.011 
7 3.25 180100 0.5 0.041 80 0.0068 0.0068 
8 0.851 601543 2 0.23 3.5 0.0223 0.0223 
9 18.9 31520 3 0.023 200 0.01 0.01 
10 4.15 136504 3 0.072 25 0.0169 0.0169 




Figure 6-2 Samples of simulated traces (circle) and the corresponding model (Eq.1) traces (line). 
 
A certain similarity in the results was found between the overall rate constant (𝑘𝐴𝐵,𝑚𝑜𝑑) 
obtained from the fitting and the theoretical (𝑘𝐴𝐵,𝑐𝑙𝑑) achieved from equation 6-2 for all 
different cases, and with same cases but with different light intensity (Fig.6-3).   
In addition, a quantitative comparison between the initial velocities 𝑣0,𝑚𝑜𝑑. and 𝑣0,𝑐𝑙𝑑. 
for the photoreactions was made. The initial velocity was quantified theoretically using 
Eq.6-3, while 𝑣0,𝑚𝑜𝑑. (model fitting) was obtained graphically from the photokinetic 
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The percentage errors between the model fitting and theoretical values for both 
parameters (𝑘𝐴𝐵 and 𝑣0) were less than 10% for each (as shown in Fig.6-3b as one 
example of one case). 
The model shows a good correlation between 𝑘𝐴𝐵,𝑐𝑙𝑑 and 𝑣0,𝑐𝑙𝑑. with 𝑘𝐴𝐵,𝑒𝑥𝑝  and 𝑣0,𝑒𝑥𝑝., 
respectively, for all photokinetic cases (Fig.6-3a). 
Moreover, the solution concentration effect was used to validate the model. The 
simulation suggested that 𝑘𝐴𝐵 and 𝑣0 were independent of concentration, as predicated 
from Eqs. 6-2 and 6-3. These results confirm the reliability and suitability of the model 
to describe the photoreaction AB (1) (Fig.6-3b). 
The finding results from this simulation indicate the validity and accuracy of the model 








Figure 6-3 (a) Good correlation between model and theoretical values for 𝑘𝐴𝐵 and 
1𝑣0. all cases. (b) 
Constant 𝑘𝐴𝐵.𝑚𝑜𝑑 and 
1𝜐0,𝑚𝑜𝑑. with different initial concentrations 𝑪𝟎 for case 1. The open and solid 



















































Concentration / M 
(о) kAB 
                    A 
(∆) n0   
 
  (о) kAB mod, (●) kAB cld. 
                                               B 
(∆) n0  mod. , (▲) n0  cld.   
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6.5. -order kinetic model for AB (𝟏𝚽)𝜺𝑩≠𝟎and AB (2) 
The differential equations for photoreaction AB (1Φ)𝜀𝐵≠0and AB (2) express the 
difference in the concentrations of the mother compound (A) and the photoproduct (B) 
(𝐶𝐴(𝑡) and 𝐶𝐵(𝑡), respectively); this takes into account the fact that the reaction mix is 
homogenised and stirred continuously and subject to polychromatic and steady-state 
irradiation, and is maintained at a constant temperature throughout.  
                                                    𝑨
𝚽𝑨𝑩
→  𝑩         ,            𝑨 ⇌ 𝑩 
Scheme 6- 2: AB (1𝛷)𝜀𝐵≠0and AB (2 photoreaction 
A closed-form integration of the differential equation for the two photochemical 
reaction systems given in scheme 6.1 leads to the following integrated rate law (Eq.6- 
4), where both A and B absorb the polychromatic light (See appendix II. 2).  
                         𝜼(𝒕) = −𝒌𝜼𝒕                                           Eq.6-4 
𝜂 appears to be similar to a zero-order photoreaction linear line, but is actually quite 
different. 𝜂 is a function involving both initial and time-based (t) concentrations of the 
reactant A (𝐶𝐴0,𝐶𝐴𝑡), the absorption coefficients (𝜀𝐴, 𝜀𝐵), ΦAB, ΦBA, 𝑙𝑖𝑟𝑟and 𝑃 .  One of 
the components of the𝜂 function is a logarithm. 
             𝜼(𝒕) =  (𝑪𝑨𝒕 − 𝑪𝑨𝟎) × 𝜶 + 𝜸 × 𝑳𝒏 
𝑪𝑨𝒕+𝜹
𝑪𝑨𝟎+𝜹
               Eq.6-5 
where 𝜶, 𝜸 and 𝜹 are factors that depend on the type of reaction, as seen in table (6-2). 
Table 6- 2:  𝛼, 𝛾 and 𝛿 Factors. 
Photochemical reaction type 𝜶 𝜸 𝜹 
AB (𝟏𝚽)𝜺𝑩≠𝟎  (∑  𝜀𝐴
𝜆𝑓
𝜆𝑖
− ∑  𝜀𝐵
𝜆𝑓
𝜆𝑖
)  (𝐶𝐴0  ×  ∑  𝜀𝐵
𝜆𝑓
𝜆𝑖
)  0 
AB (2) 1 𝜌3 𝜌1 
𝚽𝑨𝑩 
𝚽𝑩𝑨 
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 × ∑ [(𝛷𝐵𝐴(𝑖) × 𝜀𝐵(𝑖) × 𝐶𝐴0)× 𝑃 (𝑖)]
𝜆𝑓
𝜆𝑖
× 𝑙𝑖𝑟𝑟                         Eq.6-6 
𝜌2 = −∑ [(𝛷𝐵𝐴(𝑖)× 𝜀𝐵(𝑖) +𝛷𝐴𝐵(𝑖)× 𝜀𝐴(𝑖))× 𝑃 (𝑖)]
𝜆𝑓
𝜆𝑖
× 𝑙𝑖𝑟𝑟            Eq.6-7 
𝜌3 = 𝜃𝐴𝐵 − 𝜌1                               Eq.6-8 







                                       Eq.6-9 
The 𝜂-order integrated rate law (Eq.6-4) does not correspond to any of the known kinetic 
orders (concentration plus logarithm). The analytical parameter 𝑘𝜂 (Eq.6-10,6-11) 
represents the overall rate constant and is dependent on the various photochemical 
reaction parameters, and is proportional to the photoreaction quantum yields (Φ𝐴→𝐵
𝑖𝑟𝑟 , 
Φ𝐵→𝐴
𝑖𝑟𝑟 ), 𝜀𝐴, 𝜀𝐵 and  𝑃𝑖𝑟𝑟, but it is 𝐶𝐴0- and  𝑙𝑖𝑟𝑟-independent.  
The overall rate constant for AB (1Φ)𝜀𝐵≠0 (
2𝑘𝜂)is given as:  
2𝑘𝜂 =  ∑ [(𝛷𝐴𝐵(𝑖) × 𝜀𝐴(𝑖)) × 𝑃(𝑖)]
𝜆𝑓
𝜆𝑖
      Eq.6-10 
While the overall rate constant for AB (2) (3𝑘𝜂) is given as: 







     Eq.6-11 
According to equations 6-10 and 6-11, the rate constant is theoretically constant over 
the concentrations given. This is one of the model validations used when comparing 
between the model fitting and theoretical values, and should not differ by more than 
10%. 
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Also, the initial velocity, 𝜐0, is used to validate the model. The validation comes from the 
extent of the similarity between the theoretical and the model linear line values. The 
model initial velocity (𝜐0,𝑚𝑜𝑑.) is obtained graphically from the gradient of the 
concentration against time (using the few of the initial points of the reaction). The 
theoretical initial velocity (𝜐0,𝑐𝑙𝑑.) is derived from equation (6-12) for AB (1Φ)𝜀𝐵≠0, and 
from equation (6-13) for AB (2). 

















  Eq.6-12 




       Eq.6-13 
The initial velocities of each of the systems (2𝜐0 ,𝑐𝑙𝑑 and 
3𝜐0 ,𝑐𝑙𝑑 ) were independent of 
the concentration and path length, but still depend on the other photochemical reaction 
parameters.   
6.5.1. Testing of η-order kinetics model 
 
In order to test the η-order kinetics model, the kinetic traces were obtained from a fifth-
order Runge-Kutta integration (RK) and were subsequently tested using Eq. 6-4 (Fig. 6-
4). More than 250 (involving different 𝜀𝐴, 𝜀𝐵, 𝛷𝐴𝐵, ΦBA, 𝑙𝑖𝑟𝑟and 𝑃𝑖𝑟𝑟) synthetic kinetic 
traces were generated and tested for AB (1Φ)𝜀𝐵≠0and AB (2) (see Table 6-3). 
Excellent agreement was obtained between the 250 synthetic kinetic profiles and model 
Eq. 6-4 for each system (Fig.6-4). The fitting of the independent mathematical data was 
taken as a first indication of the validation of the model. This method of validation is 
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mandatory in terms of evaluating the proposed model against a large amount of 
generated data. The findings demonstrate that 𝜂-order kinetics can be used and is 
applicable to model a large number of AB (1Φ)𝜀𝐵≠0 and AB (2) photochemical 
reactions under polychromatic light.  
  
Figure 6-4: Samples of simulated traces after applying the model (Eq.6-4) and the model fitting is 
given linear line. 
 
The validity of the model was evaluated by comparing the similarity between the model 
and theoretical values found for the overall rate constant for each of the systems (2𝑘𝜂 
and 3𝑘𝜂). The photokinetic traces that represent the photochemical reaction were 
generated as based on the fifth RK with high precision [10]. The calculated values were 
obtained from Eqs.6- 10 and 6- 11, and it will be depending on the  𝜀𝐴, 𝜀𝐵, 𝛷𝐴𝐵, ΦBAand 
𝑃𝑖𝑟𝑟 , and it independent on the concentration and 𝑙𝑖𝑟𝑟; the model values were 
calculated by fitting the model (Eq.6-4) to the synthetic data. The similarity between the 
results for the theoretical and model values of 𝑘𝜂 for AB (1Φ)𝜀𝐵≠0 and AB (2) is 
illustrated in (Fig. 6-5a).
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𝜺𝑨 × 𝑷)   
∑(𝚽𝑩𝑨 ×
𝜺𝑩 ×𝑷)
























0.93 1 2 0.00196 4.89 0 -104481.59 4.89 -3.67 
4 880339.54 798558.5
7 










1.39 1 2 0.0083 6.49 0 396002.76 6.49 -4.61 
7 673050.02 727065.4
9 
0.93 1 2 0.0162 4.94 0 -54015.47 4.94 -7.10 
8 740465.81 467124.6
0 
1.56 1 2 0.008 1.54 0 273341.21 1.54 -2.08 
9 998674.77 940878.8
3 
1.06 1 2 0.047 12.61 0 57795.94 12.61 -12.50 
10 705182.11 809532.5
9 
0.87 1 2 0.0005 0.58 0 -104350.46 0.58 -0.82 










3.22 1 2 0.0162 11.04 1.81 926432.69 1.39 -8.20 
3 932108.35 335035.4
6 
2.78 1 2 0.0167 2.22 14.69 597072.89 2.83 -2.30 
4 795819.61 798558.5
7 










2.17 1 2 0.0084 5.91 10.05 669578.48 2.38 -4.64 
7 827826.45 372521.9
0 
2.22 1 2 0.00012 0.04 0.02 455304.55 0.13 -0.052 
8 658414.37 727065.4
9 





0.715 1 2 0.0078 10.25 3.21 -430525.37 -3.13 -9.32 
10 868338.64 258743.1
1 
3.36 1 2.7 0.0002 0.19 0.03 609595.54 0.036 -0.22 




Figure 6-5: (a) The good agreement between 𝑘𝜂,𝑚𝑜𝑑. and 𝑘𝜂,𝑐𝑙𝑑., where open and solid symbols 
represent 𝑘𝜂,𝑚𝑜𝑑. and 𝑘𝜂,𝑐𝑙𝑑., respectively, for case 3.  (b) Good agreement between 𝜈0,𝑚𝑜𝑑. and 𝜈0,𝑐𝑙𝑑., 
where open and solid symbols represent 𝜈0,𝑚𝑜𝑑. and 𝜈0,𝑐𝑙𝑑., respectively, for case 3.   
 
The numerical values (𝜐0) were obtained graphically from the gradient of the initial stage 
of the graph of concentration against time, and is compared with the theoretical values 
given by Eqs. 6-12 and 6-13, and it will be depending on the  𝜀𝐴, 𝜀𝐵, 𝛷𝐴𝐵, ΦBAand 𝑃𝑖𝑟𝑟 , 
and it is concentration and 𝑙𝑖𝑟𝑟 independent. So, 𝜐0 will be constant in each case.  
Excellent agreement was found between the model and theoretical values of the initial 
velocities (𝜐0) (Fig. 6-5b). 
There was good correlation between the model and theoretical values for the 
parameters 𝑘𝜂 and 𝜐0 for both systems AB(1Φ)εB≠0   and AB (2), with less than 5% 
error for each of these systems. These findings confirm that the model works.  
In order to test further the model, the concentration effect was studied. According to 
the model, 𝑘𝜂 and 𝜐0  were constant with concentration due to their concentration-
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𝜐0 ) were used to detect the change in the photoreaction, once if set same condition of 
the photoreaction expect one parameter. As expected from the equations for 𝑘𝜂 and 
𝜐0 , these parameters were predicted to remain constant with concentration (Fig.6-6). 
In addition, the theoretical and model values for parameters 𝑘𝜂 and 𝜐0  were very similar 
to each other less than 5%.  
This study is important in terms of evaluating the effect of concentration on the 
photochemical reaction because concentration can be considered an effective means of 
classifying the type of kinetic order. For example, we can be explained the change in the 
photochemical reaction order for studied compounds or drugs, as nisoldpined [18], 
which the kinetic order was attributed to the initial concentrations of these compounds. 
So, the first order was apparent with lower initial concentration, in contrast the zero-
order kinetic was with higher initial concentration, photoreaction responses may be 
viewed as slowing down as the initial concentration increases [18].  This would mean 
that the kinetic traces of the compounds show that the lower initial concentration have 
been steeper than higher ones, which the former (lower) was fitting with first order 
(exponential model), while the latter with zero order (linear) [18].  
This indicates the need for an appropriate kinetical approach for photodegradation 
reaction as it is clearly not adequately descriptive to make reasonable conclusions about 
the relative photochemical reaction to ensure a good fitting with classical method. 
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Figure 6-6: Constant 𝑘𝜂, 𝑚𝑜𝑑. and 𝜐0,𝑚𝑜𝑑. of the simulated data of the two photochemical reaction 
systems with different initial concentrations (𝑪𝐴(0)). The open and solid symbols represent the 
experimental and calculated values of 𝑘𝜂,𝑐𝑙𝑑 and 𝜐0,𝑐𝑙𝑑. , respectively. 
 
6.6. Actinometry  
 
In both the models presented here, a linear relationship between the overall rate 
constant and the sum of the light intensity (∑𝑃) can be expected, as predicated by Eq.6-
14. This means that the models were offering to indicate the change in the overall rate 
constant (𝑘) with ∑𝑃. The linear relationship for studied molecules can be used to 
develop an actinometric method for the molecules studied under polychromatic light. 
The actinometric method allows the total light intensity of the unknown light source to 
be quantified [11-12,14-15].  




















Concentration / M 
case #1 
AB (2) 
(о) kAB mod., (●) kAB cld.

























Concentration / M 
case #7
AB (1)B≠0
(о) kAB mod., (●) kAB cld.
(∆) n0 mod. , (▲) n0 cld.  
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Figure 6-7: Effect of increasing the radiant power of the polychromatic irradiation beam on the 
photokinetic traces of simulated date at range 200-400nm. The experimental data (circles) were 
fitted by Eq. 6-4. 
 
In order to test the applicability of the model to developed an actinometric method, by 
using same set of the cases in table 1 and 2 with change the sum of the light intensity to 
assume to subject the same solution or case to irradiation using beams of different 
radiant powers. Then, for each case, simulated kinetic traces for the series radiant power 
values were obtained and fitted with the proposal model for each system. The effect of 
the light intensity was evaluated by the overall rate constant (Fig.6-7), which increases 
with increasing ∑𝑃 (Eq. 6-14). 
More importantly, a good linear relationship between the 𝑘 𝑚𝑜𝑑. for both models and 
∑𝑃 (Fig.6-9) with intercepts close to zero unit and the gradient of the equation can be 
expressed as a factor 𝛽𝐴𝐵. The value of the factor 𝛽𝐴𝐵 will contribute to quantifying the 
light intensity for any polychromatic light source. Fig. (6-8) shows the excellent 
agreement between the theoretical values with measurable (model) values of light 
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The fact of the actinometric method developed here is easy to apply without any 
information about the photochemical reaction (Φ𝐴→𝐵
𝑖𝑟𝑟 , Φ𝐵→𝐴
𝑖𝑟𝑟 , 𝜀𝐴 𝑎𝑛𝑑 𝜀𝐵) expect the 
type of the mechanism of the photochemical reaction. 
  
Figure 6-8: Linear correlation of experimental (∑𝑃) and calculated (∑𝑃) values of the radiant power 
showing simulation cases. Inset: the linear relationship between the  𝑘𝜂, 𝑚𝑜𝑑. and ∑𝑃. 
 
6.7. Simulation of the trace same poly data to mono by using same the poly 
data for both systems. 
 
In order to compare between rate of reaction for the polychromatic and monochromatic 
in both AB (1) and AB (2), by using the same simulation conditions of polychromatic 
study and take the monochromatic data from that data. After that, the Mathcad was 
used to generate the photokinetic traces of the monochromatic and polychromatic. In 
addition, the study was used the same case but change the light profile. It was used 
different lamp profiles with different and similar intensities between each other. In all 
studies with different and same light intensities (Fig. 6-9), the rate of the reaction in 
polychromatic was faster than monochromatic at different wavelengths. However, it 
was found slower than monochromatic at 340 nm, it might be the place of the 
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wavelength in the UV spectra was contributed to this effect, while which is in the last of 
the UV spectra with high quantum yield as well. 
 
Figure 6-9: Compare between the behaviour one simulation case in polychromatic and 
monochromatic light irradiation. 
 
6.8. Discussion 
The new - and -order kinetics described above allows the description of 
photochemical reaction AB systems.  
Moreover, the excellent fitting of synthetic kinetic traces for different photochemical 
systems show that not only is these models suitable for describing these types of 
photochemical reactions, but also demonstrates the accuracy of the newly developed 
order kinetics.  
The models clearly show that the analytical rate constant 𝑘 is dependent on the 
quantum yield of the reaction, the intensity of the light source, and the absorption 
coefficients (𝜀𝐴 , 𝜀𝐵); however, it is independent of concentration, 𝐶𝐴0, and optical path 
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parameters, namely ΦAB, ΦBA, 𝜀𝐴, 𝜀𝐵 and 𝑃, it is difficult to compare the different rate 
constants found in different laboratories or studies because it is difficult to ensure the 
same light intensity conditions. The rate constant equation (Eqs. 6-2, 6-10 and 6-11) and 
the initial velocity equation (Eqs. 6-3, 6-12 and 6-13) contain monochromatic data, 
indicating the importance of conducting a monochromatic study before the 
polychromatic study, and can be quantified in terms of 𝑘𝑐𝑙𝑑. and 𝜐0,𝑐𝑙𝑑. .  
The 𝑘 in each of the models represent the photokinetic parameters, which is allow to 
quantify the change of the photochemical reaction with over time rather than rate 
constant in the thermal order kinetics. That is, the thermal rate constant is defined by 
Arrhenius equation, where the reaction in this case, by definition, is temperature 
dependent [19]. Nevertheless, most photoreactions are not dependent on temperature 
but it is depending on the parameters such as the light intensity and molecular 
absorptivity. Furthermore, the predicated values for the thermal rate constant did not 
give a true indication of the rate of the photochemical reaction because the 
photoreaction parameters as light intensity did not reflect in the Arrhenius equation. 
Which Arrhenius equation is used to estimate the relation between the temperature 
and the rate constant of the chemical reaction [19]. 
6.9. Conclusion 
 
These models contribute to the rationalization and quantification of the features of 
three types of photochemical reaction. The and-orders fill the gap in the 
photokinetics of the three AB systems.  
161 | P a g e  
 
The kinetic traces obtained by a fifth order Runge-Kutta integration were well fitted by 
and-orders. An excellent agreement was obtained between the synthetic kinetic 
profiles and and-orders model. This demonstrates that the and-orders 
kinetics can model a large number of photochemical reactions of the three AB systems. 
The rate constant and the initial velocity were constant with concentrations and depend 
on the photokinetics parameters ΦA→B, ΦB→A,𝜀𝐴
𝑖𝑟𝑟  , 𝜀𝐵
𝑖𝑟𝑟  , and 𝑃𝑖𝑟𝑟. The model yielded 
a good correlation between the model and theoretical of rate constant in both models 
with less than 5% error. The theoretical rate constant for both models was calculated 
using only monochromatic irradiation data. This show the important of study the 
compounds or the drugs under monochromatic light before studying under 
polychromatic light to verify the result of rate constant. 
Also, in this study found that the rate constant and the initial velocity were a function of 
the light intensity (𝑃𝑖𝑟𝑟). In addition, these models represent an excellent tool by which 
to develop new actinometry.   
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Chapter 7 
The modelling of AB (𝟏𝚽)𝜺𝑩=𝟎 under 
polychromatic light.  
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7.1. Introduction 
Even though everywhere, the classical data treatments were found not efficient to fully 
and reliably describe photodegradation kinetics [1]. So far, there are some models used 
to describe the photochemical reaction AB (1). Nevertheless, there is a lack in these 
models to describe the photochemical reaction [2,3]. 
This chapter considers the application of the new -order kinetics to a real experiment 
(C-DAE). The photochemical reaction of this compound occurs under irradiation by 
polychromatic light in the range 400 to 800 nm. Its properties and features will be 
determined from a closed-form integration, a numerical integration calculation, and 
from experiment, as described in chapter 6 (section 6-4).  
 
7.2. Photoselection of C-DAE in Ethanol 
 
C-DAE has a UV-vis spectrum that is characterised by two bands in the visible region. 
The lowest absorbance band is observed between 390-450 nm whilst the second is 
between 450-600 nm.  This compound has been shown to be thermally stable and its 
open form is obtained by visible light irradiation (400-600 nm) [4]. The quantum yield of 
the closed form of C-DAE is wavelength dependent, as described in section 5.5.3 [4,5].   
The pink solution of C-DAE was exposed to steady-state polychromatic visible light (cool 
white light, characterise this by the profile (Fig. 3-3). The temporal evolution of the 
electronic spectrum shows a smooth decrease in the intensity of the band at 520 nm 
until it reaches zero (Fig. 7-1), indicating that C-DAE has been fully transformed into the 
open form (colourless solution).   
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Figure 7- 1: Evolution of C-DAE under irradiation by polychromatic visible light for a solution of C-
DAE at a concentration of 4.32 x 10-6 M. 
 
The chromatogram showed two peaks (C-DAE and O-DAE). The C-DAE peak vanishes 
when conversion to the open form was complete, meanwhile the peak for the open 
form increased in intensity. There were no extra peaks in the chromatogram (Fig. 7-2). 
This finding shows that no any difference in the behaviour of DAE with polychromatic 
and monochromatic irradiation. 
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7.3. 𝚽-order kinetics of C-DAE  
 
The polychromatic visible light irradiation of C-DAE at different concentrations is 
monitored by measuring concentration with time via HPLC.       
To apply the -model, one needs to obtain the ∑  𝜀𝐴 for C-DAE. First, the C-DAE and O-
DAE concentrations are obtained from the commercially available C-DAE HPLC and UV 
calibration graphs. The concentrations in the photostationary state (pss) of O-DAE were 
also obtained. 
 
Figure 7- 3: Preparation of C-DAE by using 1.07 x10-5M of O-DAE, Photokinetic traces for C-DEA (red 
line fitting using Eq.7-1). 
 
Figure 7-3 show that the C-DAE is formed from the O-DAE under UV irradiation by using 
mix wavelength lamp (254/365 nm), and the irradiation was taken about 20 minutes to 
reach to the equilibrium, this process is called preparation of C-DAE. When the C-DAE 





















Prepration of C-DAE by 
UV irradaition of O-DAE 
Kinetics of C-DAE under
Visible irradaition of C-DAE
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600 nm) by using LED torch lamp. The photokinetic trace of experimental data (in the 
circle) was fitted (red line) by -order kinetic model (Eq. 7-1).   
∑  𝜀𝐶−𝐷𝐴𝐸  was obtained from the calibration graph of the sum of absorbance against 
concentration (Fig.7-4). The linearity range shows the workable concentration range for 
photokinetic studies of C-DAE. Moreover, the percentage difference between ∑  𝜀𝐶−𝐷𝐴𝐸  
when obtained graphically, and the sum of the individual absorption coefficients, as 
described in chapter 5, was less than 10 %. This finding confirms the reliability and 
applicability of this method in terms of determining ∑  𝜀𝐶−𝐷𝐴𝐸. 
 
Figure 7- 4: Calibration curve for the sum of the absorption (400-600 nm) for the C-DAE. 
 
7.4. C-DAE photodegradation kinetics 
 
Ethanolic solutions with different concentrations of C-DAE within the linearity range 
were exposed to steady-state polychromatic visible light.   
The -order kinetics model (Eq.7-1), as described in chapter six, was applied to fit all the 
experimental traces of C-DAE. For each concentration, the experiment was carried out 
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at the same light intensity. The -order model could be fitted to all the experimental 
traces gained from the HPLC (Fig.7-5, Table 7-1). These results indicated that the 
mechanism for the C-DAE closure is AB(1Φ)𝜀𝐵=0system, that the C-DAE 
photodecomposition obeys -order kinetics, and the model equation is a suitable 
descriptor of this system. 
𝐶𝐴 (𝑡) =   
1
(𝒍𝒊𝒓𝒓
 × ∑  𝜀𝐴)
× log (1 + (−1 + 10(𝒍𝒊𝒓𝒓× 
∑𝐴0))  × 𝑒(−𝑘𝐴𝐵𝑡))               Eq.7-1 
Table 7- 1:  Overall rate constant, kinetics and spectroscopic parameter values of study 
of C-DAE under polychromatic visible light irradiation 










400    × 10
6              
/ einstein s-1 dm-3 
𝒌 




3.22 4.34 5.95 0.1 0.016 
4.32 5.80 6.03 0.11 0.018 
4.75 6.35 5.96 0.11 0.018 
5.49 7.42 6.04 0.11 0.017 
6.65 8.69 6.08 0.11 0.018 
8.40 11.17 5.95 0.1 0.017 
                            *∑  𝜀𝑐−𝐷𝐴𝐸
600




Figure 7- 5: Photokinetic traces of C-DAE in ethanol solutions at irradiation under polychromatic 
visible light (400-600 nm). The circles represent the exp. data while the lines represent the fitting 
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The observed overall rate-constants (𝑘𝐴𝐵) were independent of the concentration of the 
sample solution (Fig 7-6). The wavelength-dependent quantum yields quantified in 
chapter five were used to validate 𝑘𝐴𝐵 according to Eq. (7-2). This confirms the 
importance of using monochromatic light to validate the results of the polychromatic 
study. In addition, the rate constant for the reaction under polychromatic light can be 
quantified without physical experimental once the monochromatic data study is 
available. Through, the monochromatic data such as Φ𝐴𝐵 was calculated from the 
represented equation in the chapter 5 (Eq. 5-17), ε𝐴  was obtained as the 
monochromatic study, and the  𝑃𝑖𝑟𝑟  was quantified by using the spectroradiometer. 
Once has achieved all this, then the 𝑘𝐴𝐵 can be quantified by using Eq. (7-2).   
𝑘𝐴𝐵,𝑐𝑙𝑑 = ln 10  × 𝑙𝑖𝑟𝑟 × ∑(Φ𝐴𝐵 × 𝜀𝐴 × 𝑃)                 Eq.7-2 
Moreover, the experimental initial velocity (𝒗𝟎) was found to be constant with 




                    Eq.7-3 
The similarity between the experimental and theoretical of 𝑘𝐴𝐵 and 𝒗𝟎 is 95% for each 
parameter. This finding also confirms the results shown in chapter 6. 
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 Figure 7- 6: Constant 𝑘𝐴𝐵, 𝑒𝑥𝑝. and 𝜐0,𝑒𝑥𝑝. for C-DAE for experiments with different initial 
concentrations (𝑪𝑨(0)). The open symbols represent the experimental values found for 𝑘𝐴𝐵,𝑒𝑥𝑝 and 
𝜐0,𝑒𝑥𝑝. . 
 
7.5. Discussion  
The literature offers very few examples of AB (1Φ)𝜀𝐵=0 kinetics under polychromatic 
light. Thus far, this kinetics was described by two methods [6,7].  
The most recent was presented by Roibu et al. in 2018 [6]. This approach used the same 
differential equation proposed by Irie group [8] but with some modification. They 
introduced the energy density distribution function of the lamp (g𝜆) into the differential 
equation as a quantification of the photons contribution at different energies when 
transforming the molecule. They used it as a ratio of intensities over the molecule 
absorption area [6]. The differential equation (7-4) takes the sum of all parameters due 





 =  
𝑃0,𝑖𝑟𝑟
𝑉
∑ Φ𝐴→𝐵g𝜆 (1 − 𝑒
−𝜀𝐴


























Concentratin x 106/ M
(о) kAB exp.
(∆) n0 exp. 
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                     Eq.7-5 
with 𝐸𝜆is the spectral irradiance (W cm
-2nm-1). There are several approximations used 
to simplify and to finalise the integration to obtained the same formula as used by the 
Irie group [8] for study under monochromatic light. However, there are limitations with 
these approximations. Firstly, the parameter 𝛿𝜆, as defined by Eq. (7-6), was added to 
simplify the integration of Eq. (7-4). The first approximation states that δ𝜆 is close to 
zero; if studied under monochromatic irradiation, where g𝜆 is equal to one, then 
𝜀𝜆=∑𝜀𝜆g𝜆 is equal to one (because only one wavelength is determining the reaction). 
However, in polychromatic irradiation, the 𝜀𝜆=∑𝜀𝜆g𝜆 is difficult to that happen due to 
g𝜆 ≠ 1 or zero and  𝜀𝜆 ≠ ∑𝜀𝜆g𝜆 but they were used LED as light source for 
polychromatic light and it was considered as monochromatic, however they are 
characterized by a spread with an average at the maximum wavelength. For this reason, 






− 1                   Eq.7-6 








                     Eq.7-7 
The α parameter is equal to zero as well due to using the 𝛿𝜆 parameter in Eq. (7-7). By 
using the previous approximation of 𝛿𝜆 of zero, then α accordingly also becomes zero. 
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However, 𝛿𝜆 is not equal to zero for the same reason as above. Therefore, the suggestion 
from this limitation in the integration leads to subsequent problems. 
Roibu et al.[6] concluded that the integration of the differential equation was similar to 
that by the Irie group [8], but with some modification by adding the weighted averages 
of some of the parameters as summation over the wavelength. 
log(10𝜀𝑎𝑣𝑔𝑙𝐶𝐴(0) − 1) − log(10𝜀𝑎𝑣𝑔𝑙𝐶𝐴(𝑡) − 1)  = 𝜀𝑎𝑣𝑔𝑙Φ𝑎𝑣𝑔  
𝑃0,𝑖𝑟𝑟
𝑉
𝑡             Eq.7-8 
Where,  
𝜀𝑎𝑣𝑔 = ∑ 𝜀𝐴
𝑖𝑟𝑟g𝜆 
620
480                   Eq.7-9a 
Φ𝑎𝑣𝑔 = ∑ Φ𝐴→𝐵g𝜆 
620
480                  Eq.7-9b
  
Where the rate constant (𝑘) is 
𝑘 = 𝜀𝑎𝑣𝑔𝑙Φ𝑎𝑣𝑔  
𝑃0,𝑖𝑟𝑟
𝑉
                  Eq.7-10 
However, there is no clear relationship between g𝜆 and 𝜀𝐴
𝑖𝑟𝑟  and Φ𝐴→𝐵 in the 
differential equation while there is relationship with 𝑃𝑖𝑟𝑟 , which is used to obtain the 
sum of the light intensities.     
The second method was reported by Hrdina et al. [7], described the rate of the 
photochemical reaction with equation (7-11) that was unsolvable. So a numerical 
integration was performed [7]. 






] ∑ Φ𝐴→𝐵𝑃0,𝑖𝑟𝑟 (1 − 10
−𝜀𝐴







] ∑ Φ𝐴→𝐵𝑇𝑓,𝑖𝑃0,𝑖𝑟𝑟(1 − 𝑇𝐴,𝑖)𝑖 Δ?̃?             Eq.7-11 
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Where  𝑆 is the irradiated area, and ?̃?𝑚 and ?̃?𝑛 are the limiting wavenumbers of the 
polychromatic beam emitted by the source. 𝑖 is the reference to wavenumber (?̃?),  𝑇𝑓,𝑖 
is the transmittance of filter 𝑓 at wavenumber ?̃? and 𝑇𝐴,𝑖 is the actinometer 
transmittance at this wavenumber.  
The parameter Δv was an integration step for Eq. (7-11). The transmittance of the filter 
was used by using the absorption filter because the aim is to determine the intensities 
of light, and the light absorbed was replaced by filter transmittance Eq. (7-11). 
𝑃𝑖𝑟𝑟  was replaced by using the relative intensity 𝐽𝑖  as  
 𝐽𝑖 = 𝑃0,𝑖𝑟𝑟/𝐶                   Eq.7-12 
Where the C is a constant. 






]∑ Φ𝐴→𝐵𝑇𝑓,𝑖𝐽𝑖(1 − 𝑇𝐴,𝑖)𝑖 Δ?̃?                Eq.7-13 
The authors were assumed that the right side of the equation is time independent 
(constant), thus meaning the integration of this equation is representative of zero-order 




  =  (
𝑆
𝑉
)𝐾𝑆𝑡                   Eq.7-14 
This equation (7-14) was solved as being zero order. 
(𝑐𝐴(𝑡) − 𝑐𝐴(0)) =  (
𝑆
𝑉





                   Eq.7-16 
 𝑆𝑡 = ∑ Φ𝐴→𝐵𝑇𝑓,𝑖𝐽𝑖(1 − 𝑇𝐴,𝑖)𝑖 Δ?̃?                  Eq.7-17 
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However, 𝑇𝑓,𝑖 was added without any clarification. Hence, 𝑇 = 10
−𝐴. Also, the time 
independence of the right-hand side of equation (7-13) was an assumption but is not 
true due to the transmittance being dependent on the number of photons passing or 
absorbed, where the number of photons absorbed depends on the conversion of the 
molecule by time of the irradiation. Therefore, the transmittance is time dependent. In 
addition, 𝐾 was obtained from the slope of the linear line of concentration against time 
(Eq. 7-15), but the slope of the straight line should contain  (
𝑆
𝑉
)𝐾𝑆𝑡 thus leading to the 
𝐾 obtained from slope not being true. Also, as mentioned in this study [7], 𝑆𝑡 was 
calculated using Eq. (7-17). There are two unknown parameters in this equation, Φ𝐴, 𝐽𝑖, 
thus also leading to difficulties in calculating 𝑆𝑡.  
The most interesting finding in the present results in this study was that the new order 
kinetics represent a suitable description of the photochemical reaction. Presented 
model included all criteria that could affect the photochemical reaction. The similarity 
of the two methods started from the same principle of the differential equation. There 
was a similarity in the function of proposed model (log-exp) to the function of method 
one [6]. However, there is a difference between proposed model in this study and the 
first model [6], where in the first the parameters g𝜆, 𝜀𝑎𝑣𝑔 and Φ𝑎𝑣𝑔 were included in the 
model equation, while, there was difference in the model function and proposed model 
(log-exp) and the second model (zero order) [7].  
In the findings of this study, the overall rate constant was dependent on different 
photochemical parameters, namely 𝛷𝐴𝐵,  𝜀𝐴, 𝑙𝑖𝑟𝑟  and 𝑃𝑖𝑟𝑟, which is similar to the 
findings for the first model [6]. In addition, the concentration effect was studied, from 
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which it was noted that the overall rate constants were constant regardless of initial 
concentration. This result was similar to that in the first method when studying the 
concentration effect [6].  
 In this study, it was found that the quantum yield was wavelength dependent in this 
study and the first model [6], while the quantum yield in the second model was 
considered wavelength independent [7]. However, the proposed model in this study 
used sum values whilst the first model used a weighted average value. For the quantum 
yield, in the present study there is a logical reason to use the sum of the quantum yields, 
namely because there is significant variation between the values of the quantum yields; 
but in the first method [6] was taken a weighted average of the quantum yields (i.e. the 
sum of light intensities multiplied by g𝜆 ). This clear to suggest that the value of the g𝜆 is 
not equal to one. The quantum yield could be used to quantify and validate the overall 
rate constant, and by comparison between the experimental and the theoretical overall 
rate constant it was found that the result is similar, with a less than 5% error. The 
analytical parameter 𝑘𝐴𝐵  in the polychromatic study was ten-fold greater than in the 
monochromatic studies, which in this study, under polychromatic light, was 0.1 s-1, while 
in the monochromatic study reported in chapter 5 was 0.0101 s-1 at 520 nm and in a 
previous study was 0.0105 s-1 at 517 nm [4]. This finding might be due to the molecule 
being exposed to multiple wavelengths, each at a different light intensity, or it might be 
the light intensity is become bigger in polychromatic light than monochromatic light 
irradiation.   
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7.6. Conclusions 
The new model applied in this chapter has established photodegradation AB 
(1Φ)𝜀𝐵=0system, as driven by polychromatic light. The new -order kinetics, applied 
here for C-DAE could quantify and evaluate well the photostability independent of 
concentration. The overall rate constant and initial velocity were independent on 
concentration. The overall rate constant is dependent on 𝛷𝐴𝐵,  𝜀𝐴, 𝑙𝑖𝑟𝑟  and 𝑃𝑖𝑟𝑟,  which 
therefor offers a tool to develop new compound actinometers.   
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8.1. Introduction  
 
Using thermal reaction orders to treat the photostability data have been confirmed to 
be unsuitable for photodegradation studies [2,3]. This lack in procedures is due to the 
fact that,  there are no mathematical models known in the literature that are able to 
describe the photodegradation kinetics under polychromatic light exposure [2–4]. In 
fact, this represents a lack of knowledge in the field of photochemistry. 
Moreover, there are many photosystems that have been reported to light give a single 
photoproduct. These types include the photochemical mechanism are known as 
AB(1Φ)𝜀𝐵≠0 and AB (2) [5]. Nifedipine (NIF) and Dacarbazine (DBZ) have been selected 
as real examples for the photochemical reaction AB(1Φ)𝜀𝐵≠0. While, the stilbinods 
group, AXI and O-DAE, belong to AB (2) type. The photostabilities studies of these 
compounds have been established under monochromatic irradiation in Chapter 5 and 
by Maafi group [6].  
The aim of this study is to apply the η-order kinetics model in the characterization and 
quantitative evaluation of the effects of polychromatic light on the photokinetic 
behaviour of the selected molecules in ethanolic solutions.    
8.2.  Photostability of the compounds in Ethanol 
 
For the most part, these compounds mostly absorb in the UVA and UVB region of the 
spectrum. The band at long wavelength was attributed to →* transitions due to 
presence of the double bond system [7]. Polychromatic UVA-UVB steady-state 
irradiation of all the compounds of interest in the present study leads to the smooth 
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increase and decrease in the UV absorbance spectra (Fig. 8-1). The spectral evolution of 
these compounds under polychromatic light  is similar to those under monochromatic 
light, as described in chapter 5 for the stilbinods group and DAE, and for AXI, NIF and 
DBZ as described in the group’s research [3,6,8]. The spectral evaluation of these 
compounds indicated several isosbestic points. These isosbestic points confirm that the 
reactions are quantitative and that no secondary reaction occurs during the main 
reaction. The 360 nm and 326 nm bands of NIF and DBZ, respectively, were both 
completely depleted. 
                                                                                                            
Figure 8- 1: Evolution of the absorption spectra of NIF (2.88×10-5 M) and E-STIL (1.25×10-5 M) in 
ethanol, when subjected to a polychromatic steady irradiation using mix wavelength lamp (254/365 
nm) (200-400 nm). Arrows indicate direction of evolution; vertical lines cross the spectra at the 
isosbestic points 
 
The HPLC chromatograms indicated that after exposing the compounds to 
polychromatic light (irradiation), there were only two peaks (the main species and its 
photoproduct). At photostationary state, the main peaks of NIF and DBZ were 
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photoreactions; however, complete depletion was not observed for the other 
compounds proving their AB (2) character. 
8.3. -order kinetics of compounds  
 
The effects of irradiation using polychromatic light on photodegradation will be 
considered in this study. The kinetics for the compounds studied for both systems (AB 
(1Φ)𝜀𝐵≠0 and AB (2)) were obtained when each were irradiated by polychromatic light 
in various concentrations.   
To apply this model and obtain the overall rate constant (𝑘𝜂), one needs to quantify 
𝐶𝐴(t), Φ𝐴→𝐵
𝑖𝑟𝑟 , Φ𝐵→𝐴
𝑖𝑟𝑟 , ∑  𝜀𝐴(𝑖) and ∑  𝜀𝐵(𝑖).  
The HPLC method was used to obtain the concentration of the main compound and its 
photoproduct. The HPLC calibration graphs were used to determine with precision the 
concentrations of the compounds (𝐶𝐴(0)) and 𝐶𝐴(t) after polychromatic light irradiation 
for different times.   
The total absorbances were measured via spectrophotometry as the sums of individual 
wavelength absorbances over the range of irradiation at time 0 for the main compounds 
and photostationary state (pss) of each of the photoproducts. The calibration curves for 
the total absorbances were used to obtain ∑  𝜀𝐴(𝑖) and ∑  𝜀𝐵(𝑖) for each of the 
studied compounds (Fig.8-2).  
 
 













Figure 8- 2: Calibration graphs of studies compounds based on ∑  𝑨𝟎 or ∑𝑨∞ variation with 
concentration (𝑪𝐴(0)) 
 
The range over which the calibration graphs were linear (Figs. 8-2) is indicative of the 
useful concentration range for performing consistent photokinetic studies for these 
compounds in both systems. In addition, the comparison between the magnitudes of 
∑  𝜀𝐴(𝑖) and ∑  𝜀𝐵(𝑖) (as obtained using the method described in chapter 3, section 
3.32.1), and the sum of the individual 𝜀𝐴(𝑖) and  𝜀𝐵(𝑖) (when calculated as described 
in chapter five, section 5.2.2.1) showed that the percentage difference between the two 
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was less than 10%, which indicates that the method is both valuable and applicable for 
determining the sums of these parameters. 
Figure 8-3 show that the absorption spectra of the initial compound (𝜀𝐴
𝑖𝑟𝑟)and its 
photoproduct (𝜀𝐵
𝑖𝑟𝑟) at initial time and photostationary state. It is noticeable that the 
absorption spectra behaviour of the all studies compounds under polychromatic light 
irradiation were same behaviour under monochromatic studied. The quantum yields 
values were determined using the equation that obtained from the study 
photodegration of the compounds under monochromatic irradiation, this equation used 
to represent the sigmoid patterns of the quantum yield values.  
                    
Figure 8- 3: Profiles of experimental 𝜀𝐴, 𝜀𝐵,  𝑃, 𝛷𝐴𝐵 and 𝛷𝐵𝐴 of DBZ and ORVT using mix wavelength 
lamp (254/365 nm). 
 
The selective compounds showed that all the compounds were value of ∑  𝜺𝑨(𝑖)  > 
∑  𝜺𝑩 (𝑖) expect the O-DAE ( ∑  𝜀𝐴(𝑖)  < ∑  𝜀𝐵(𝑖)) and about equal value in the NIF. While, 
the sum of value of three parameters Φ𝐴𝐵, 𝜀𝐴
𝑖𝑟𝑟  and 𝑃𝑖𝑟𝑟 is bigger than the reverse value, 























































































































































Table 8- 1:  the summation of absorption coefficients, light intensity and sum of value 
of three parameters 𝛷, 𝜀 and P for studies compounds photoisomerisation reactions 
under monochromatic irradiations. 
System  
∑  𝜺𝑨(𝒊)  
/ M-1cm-1 






𝜺𝑨 ×𝑷)   
∑(𝚽𝑩𝑨 ×
𝜺𝑩 ×𝑷)
AB (𝟏𝚽)𝜺𝑩≠𝟎  
NIF 




344785.1452 0.00018 0.0386 0 
AB (2) 
t-STIL 
2201390.92 1627877.93 0.000055 0.272 0.0269 
PINO 
2084163.89 1325011.57 0.00019 0.546 0.0076 
RVT 
3319305.86 2368298.35 0.000077 0.628 0.0593 
ORVT 
1907318.75 1496198.29 0.000077 0.168 0.0592 
PTERO 
1917082.05 1574316.91 0.000099 0.511 0.0176 
AXI 
3841612.85 3276331.99 0.00012 0.200 0.277 
O-DAE 
2396185.03 2723189.77 0.00029 0.501 0.423 
 
  * Where lobs=1 cm and  lirr= 2 cm 
 
8.4. Photodegradation kinetics 
 
The photodegradation kinetics of NIF, DBZ, AXI, STIL, PINO, RVT, ORVT, PTERO and                 
O-DAE were studied by exposing fresh ethanolic solutions of these species 
polychromatic steady-state irradiation in the range 200-400 nm. The variations in 
concentrations over time for each were obtained via HPLC. 
 






Figure 8- 4:  a, b. Photokinetic traces of NIF and PINO under polychromatic light using mix wavelength 
lamp (254/365 nm). 
 
The application of -order kinetics to the experimental traces found for these 
compounds could be accurately fit using Eq. 6-4 (Fig. 8-5). These results confirm that 
these compounds underwent photodegradation under irradiation by steady-state 
polychromatic light following -order kinetics. 
 
Figure 8- 5:  a, b. applied -order on the photokinetic traces of NIF and PINO under polychromatic 
light using mix wavelength lamp (254/365 nm), circle corresponding to experimental data and line 


















































































































                         𝜼(𝒕) = −𝒌𝜼𝒕                                       Eq.6-4 
             𝜼(𝒕) =  (𝑪𝑨𝒕 − 𝑪𝑨𝟎) × 𝜶 + 𝜸 × 𝑳𝒏 
𝑪𝑨𝒕+𝜹
𝑪𝑨𝟎+𝜹
             Eq.6-5 
where 𝜶, 𝜸 and 𝜹 are factors that are dependent on the type of reaction, as described 
in chapter 6. 
Fitting the model to the photokinetic traces allowed the determination of the analytical 
overall rate constant (𝑘𝜂) for the compounds studied. It was found that 𝑘𝜂 and 
𝜐0 remained constant with concentration for both systems (Fig. 8-6). There is an 
excellent correlation between the experimental and calculated values of 𝑘𝜂 and 𝜐0 using 
Eq. 6-10 and 6-11 and Eq.6-12 and 6-13, respectively, with percentage errors less than 
5%. NIF degraded six times faster than DBZ when exposed to polychromatic light. These 
results are conform to the predication of the -order as discussed in chapter 6 and 
therefore  𝜂(𝑡) fully describe the photodegradation kinetics in solutions of the studied 
compounds for both systems. 
The overall rate constant for AB (1Φ)𝜀𝐵≠0 ( 
2𝑘𝜂)  and AB (2) ( 
3𝑘𝜂) can be given as:   
2𝑘𝜂 =  ∑ [(𝛷𝐴𝐵(𝑖) × 𝜀𝐴(𝑖)) × 𝑃(𝑖)]
𝜆𝑓
𝜆𝑖
            Eq6-10 







                       Eq.6-11 
And the initial velocities can be given as: 

















        Eq.6-12 









              Eq.6-13 
8.5. Effect of the concentration on 𝜼- order kinetics 
 
Various initial concentrations of the selected drugs were used to investigate their effects 
on the rate constant of the new order kinetics (Table 8-2). These concentrations were 
chosen to lie within the compounds’ linearity ranges obtained for ∑𝐴 against 
concentration. The photokinetic traces could be accurately fitted using model Eq.6-4 
(Fig. 8-5). Again, the accuracy of the mathematical model is confirmed by the results 
obtained for the photochemical reaction of AB (1Φ)𝜀𝐵≠0 and AB (2). The rate constant 
(𝑘𝜂) and the initial velocity (𝜐0 ) remained constant with changing concentration (Fig.8-
6), as predicted in Eqs. (6-10, 6-11) and Eqs (6-12,6-13). Therefore, these results 
indicated that 𝜂(𝑡) was concentration independent.  
            
Figure 8- 6: a.b. Constant 𝑘𝜂, 𝑚𝑜𝑑. and 𝜐0,𝑚𝑜𝑑. of DBZ and PTERO with different initial concentration 
(𝑪𝑨(0)). The open and solid symbols represent the experimental and calculated values of 𝑘𝜂,𝑐𝑙𝑑 and 



























Concentration x 104 / M 
(∆) n0 exp. , (▲) n0 cld.  






























Concentration x 105 / M 
(о) kAB exp., (●) kAB cld.
(∆) n0 exp. , (▲) n0 cld.  
(B)
PTERO





Table 8- 2: Effect of the concentration on Overall photoreaction rate constant values of studies 
compounds under polychromatic irradiations performed in ethanol.  
𝑪𝑨(0) 
x105 /M 
𝒌𝜼,𝒆𝒙𝒑.         
/ s-1 




𝑪𝑨(0)    
x105 /M 
𝒌𝜼,𝒆𝒙𝒑. 
x107 / s-1 





1.50 0.287 0.296 3.04 0.964 4.93 5.20 5.19 
2.67 0.293 0.296 1.01 1.05 4.91 5.20 5.58 
4.50 0.288 0.296 2.70 1.26 5.45 5.20 -4.81 
4.80 0.291 0.296 1.69 2.54 5.39 5.20 -3.65 
5.20 0.290 0.296 2.03 7.36 5.67 5.20 -9.04 
6.30 0.293 0.296 1.01 PINO 
8.30 0.293 0.296 1.01 0.926 7.26 7.30 0.55 
11.2 0.288 0.296 2.70 1.38 7.38 7.30 -1.09 
13.2 0.291 0.296 1.69 1.83 7.32 7.30 -0.27 
16.1 0.293 0.296 1.01 2.56 7.23 7.30 0.96 
8.18 7.32 7.30 -0.27 
DBZ RVT 
1.49 0.0369 0.0386 4.09 1.36 0.750 0.723 -3.73 
3.09 0.0370 0.0386 4.10 1.56 0.725 0.723 -0.28 
4.79 0.0369 0.0386 3.96 1.66 0.758 0.723 -4.84 
5.41 0.0380 0.0386 1.27 2.17 0.696 0.723 3.73 
7.16 0.0371 0.0386 -0.292 2.59 0.694 0.723 4.01 
9.17 0.0379 0.0386 1.49 3.71 0.762 0.723 -5.39 




x107 / s-1 
𝒌𝑨𝑩,𝒄𝒍𝒅 












1.81 5.66 5.52 -2.54 0.705 -2.66 -2.83 5.44 
2.36 5.67 5.52 -2.72 0.930 -2.64 -2.83 7.07 
3.06 5.62 5.52 -1.81 1.36 -2.78 -2.83 3.12 
4.22 5.61 5.52 -1.63 2.40 -2.81 -2.83 0.454 
8.65 5.77 5.52 -4.53 5.97 -2.61 -2.83 7.00 
AXI PTERO 
0.577 1.90 2.00 5.00 1.22 1.48 1.54 3.96 
0.745 1.95 2.00 2.50 1.66 1.57 1.54 -1.88 
0.867 1.93 2.00 3.50 2.08 1.48 1.54 3.96 
1.09 2.15 2.00 -7.50 3.40 1.50 1.54 2.66 
1.66 1.86 2.00 7.00 5.53 1.54 1.54 0.065 






8.6. Discussion  
 
To the best of our knowledge, only two models were proposed in the literature. Lente 
et al. [9] and Leifer [10] to interpret the mathematical equation to describe 
photochemical reactions for both the AB (1Φ)𝜀𝐵≠0 and AB (2) systems. Lente et al. [9] 
proposed a model for the photochemical reactions of the AB (1Φ)𝜀𝐵≠0type that was 
used in several  studies [11–14]. Leifer [10] on the other hand tackled the AB (2) 
photochemical kinetics and the approached was employed in various studies [15–22]. 
















    Eq.8-1 
 
Equation 8-1 is the same differential equation used for  the photochemical reaction 
driven by monochromatic irradiation for AB (1Φ)𝜀𝐵≠0, but in Eq. 8-1 the polychromatic 
irradiation is indicates by the summation over the wavelength of 𝑃𝑖𝑟𝑟and the molar 
absorption coefficients (𝜀𝐴
𝑖𝑟𝑟and 𝜀𝐵
𝑖𝑟𝑟). It is important to underline that, in both models, 
the quantum yields were considered independent of the wavelength [9,10]. 
In the model was proposed by Lente et al. [9], the quantification of the quantum yield 










x107 / s-1 
𝒌𝑨𝑩,𝒄𝒍𝒅 












2.23 2.09 2.00 -4.50 6.96 1.56 1.54 -1.23 
4.46 1.98 2.00 1.00 





where 𝛼 is the slope obtained from the linear correlation of n0 against photon count 𝑁. 
Eq. (8-2) was correlated to Eq. (8-1). Eq. (8-2) also seems to be correlated to the 
differential quantum yield equation (Φ𝐴→𝐵 =
𝑟𝑎𝑡𝑒
𝑃𝑎𝑏𝑠,𝑖𝑟𝑟
 ). According to the Beer-Lambert 









), this will then add  ((𝜀𝐴
𝑜𝑏𝑠 − 𝜀𝐵
𝑜𝑏𝑠)𝑙𝑜𝑏𝑠) to the simple form equation.  If one 
uses the number of photons absorbed by the system per volume, the mathematical 








).  Thus, the equation 
can be written in a simple form as (−
𝑑𝐴
𝑑𝑡





). The factor 𝛼 is a 
result of the relation between the initial rate (
𝑑𝐴
𝑑𝑡






  (see Appendix VI-D). 
This approach stipulates that, in order to calculate the value of 𝛼, one has to achieved 
the n0 and 𝑁 values of the photochemical reactions. Hence, the initial rate of the 
reaction is inversely proportional to the volume of solution as described in the previous 
paragraph, which means less light being absorbed per a unit volume is equivalent to 
having a larger volume [9,12].  
In this context, the effect of the light intensity on the reaction was obtained by using a 
constant light intensity and different volumes of the sample solutions. Hence, the rate 
of the reaction is proportional to the number of photons absorbed [9,12], where 𝑁 can 
be represented by: 










𝑑𝑖𝑟𝑟               Eq.8-3 
However, due to the difficulty in solving reported the system’s the differential equation 
(Eq.8-1), and numerical method were required. Also, the molar absorption coefficient of 
the photoproduct (as example of trichlorophenol (TCP)) was calculated from the 
commercially available of photoproduct [12]. This model [9] was used to determine the 
quantum yield, of dichloroquinone and its derivatives in aqueous solution [11–14]. It 
was concluded that the quantum yield was both pH dependent and wavelength 
independent, and that the 𝛼 value depended on the substituents on the quinone. 
This approached [9] has however some limitations for instance, different photoproducts 
usually formed during the photochemical reaction of the TCP or its derivatives [11–14]. 
This means that the mechanism of these compounds is not that adopted to AB (1Φ)𝜀𝐵≠0. 
In this case the equations described here Eq. 8-1 and 8-2 do not correspond to the 
physical system studied (i.e. TCP). Rather, the photochemical reactions in these 
compounds obeyed consecutive photoreactions mechanism not unimolecular AB 
(1Φ)𝜀𝐵≠0. This model [9] is therefore not accurate to describe the photochemical 
reaction of TCP due to the formation several photoproducts.  
Moreover, one study [13] reported a variation between the values of the quantum yields 
obtained from n0 and those estimated by fitted from the experimental curve using 
numerical methods. The author’s suggested that the observed difference was due to the 
assumption that compound (A) is the alone light absorbing species in the reactive 
medium[13]. One can also assume that due to the irradiation path length not being 





considered in the equations (Eqs. 8-1, 8-2), there might be an inconsistency when the 
volume increases the 𝐼𝑖𝑟𝑟 will increase, and hence n0 should also increase.  
Even though, the quantum yield of TCP in aqueous solutions (Φ𝐴→𝐵= 0.057 at 312 nm), 
was considered independent of wavelength [11–14], it important to stress that in 
previous studies [23,24] it was reported to vary between 0.022 and 0.03 at 452 nm and 
in the UV range (185-436 nm), respectively. Therefore, such a significant difference 
between the quantum yield values tends to confirm that the quantum yields of TCP are 
rather wavelength dependent. This contradicts the original assumption in Lente 
approach [9] that quantum yield is wavelength independent.  
Therefore, in this method the initial rate of the absorbance was used to determine the 
quantum yield of the photochemical reaction. However, by doing so one cannot indicate 
the reduction in the rate of the reaction.  The photostabilisation of the compound can 
be observed as a reduction in the rate constant of the photochemical reaction, which is 
difficult to obtain from this method due to difficulties in integrating the differential 
equation (Eq.8-1). The rate constant can inform about the factors that affect or 
reductions of the reaction such as photon absorbed by the system.     
The second photokinetic model used to study the AB (2) photodegradation kinetics of 
the different compounds in the aquatic environment [10], relates to the kinetic method 
proposed by Zepp [25] and which itself was used in several studies [15–22]. The 
modification to Zepp’s model was the addition of the sum on the wavelength dependent 





parameters such as 𝑃0,𝑖𝑟𝑟  𝑎𝑛𝑑 𝜀𝐴
𝑖𝑟𝑟, whereas, here as well Φ𝐴→𝐵 was assumed to be 
constant [10].   
The model used the differential equation (8-1) but imposed that, the total absorbance 
at all wavelengths must be lower than 0.02, which means that light absorption is weak. 





𝜆                   Eq.8-4a 
 
 




  =  𝑘𝑡 = (2.303Φ𝐴→𝐵𝑙∑ 𝑃0,𝑖𝑟𝑟𝜀𝐴
𝑖𝑟𝑟
𝜆 )𝑡                                Eq.8-4b 
Where 𝑘 is the apparent pseudo first-order photoreaction rate constant. 






                 Eq.8-5 
In order to apply this method to calculate the quantum yield, the experimental traces 
were observed using various analytical methods, such as, HPLC. The photokinetic traces 
were then fitted to first-order kinetics Eq. (8-4b) to obtain the apparent rate constant 
(𝑘). After that, the quantum yield was quantified using Eq. (8-5) [15–22].  
 
Nevertheless, there was some issues in this model [10] which resulted from the use of 
the expansion in Eq. (8-1) in order to get Eq. (8-4a), wherein Eq. (8-4a) has simplified 
variant of Eq. (8-1). However, the use of the expansion in Eq. (8-4a) will make it difficult 
to find the amount of the light absorbed by compound (A). In other words, when the 
concentration of compound (A) changes during the reaction, then the amount of light 





absorbed by the compound (A) will also change in accordance with the photoproduct 
that has been formed, which in turn will itself absorb the incident light [26]. Therefore, 
using Eq. (8-4a) results in that only compound (A) apparently absorbing all the incident 
light. The results suggest that Eq. (8-4a) cannot be considered due to the loss of the 
indicator factor of light absorbed by the compound when using the expansion, which is 
called the photokinetic factor.  
It is interesting to observe that while, mathematically,  𝑘 is concentration independent 
as suggested in Eq.8-4b. Previous studies [27,28], using this method [10], found that  
experimental rate constant of the photodegradation of naphthalene and oxytetracycline 
varied with concentration. This contradiction between theory (Eq.8-4b) and experiment 
might be due to approximation adopted in the derivation of Eq.8- 4 as discussed above.    
From the experimental observations, the application of the photochemical reaction 
method from [10] was not particularly consistent because the model does not consider 
the amount light absorbed by both compounds, which has certain limitations in terms 
of representing essential parameters in the photochemical reaction with regard to the 
light absorbed. 
The analysis presented here for the two models [9,10], shows a lack in the literature for 
a comprehensive method that has physical chemistry background does not rely on 
assumptions, and whose predications are observed experimentally. 
The model proposed in this work indicated that the overall rate constant of unimolecular 
and reversible photochemical reactions depends on photochemical reaction parameters 









𝑖𝑟𝑟  , and 𝑃𝑖𝑟𝑟, as per experimental conditions. Also, the 
mathematical formulation of Eqs. (6-10) and (6-11) indicated that the overall rate 
constant was concentration independent. In addition, there was a distinct correlation 
between the findings for the mathematical and experimental overall rate constants, 
where the overall rate constant was concentration independent. When compared with 
reference [10], the experimental rate constant in the second method [10] does not 
correlate with the mathematical prediction, as mention above [27,28]. The experimental 
values for the rate constant are thus meaningful for the experiment under particular 
conditions because they are, in this instance, representative of the photochemical 
reaction parameters. However, it is difficult to use a rate constant to compare different 
experiments on the same compound due to the difficulty in obtaining the same 𝑃𝑖𝑟𝑟 for 
each experiment. From this perspective, it is important to quantify all fundamental 
photochemical parameters before comparing experiments.  
Furthermore, in this study, the quantum yields were wavelength dependent due to the 
quantum yield being depend on parameters such as 𝜀𝐴
𝑖𝑟𝑟, 𝜀𝐵
𝑖𝑟𝑟 and 𝐹𝑖𝑟𝑟, which are 
themselves inherently wavelength dependent; by comparison, quantum yield was 
considered wavelength independent in the first and second models [9,10], without 
providing tangible experimental proof for it.  
The study results suggested that a good fit to all photokinetic traces for both systems 
AB (1Φ)𝜀𝐵≠0  and AB (2) can be achieved with the -order kinetics model. This finding 
confirmed that the study compounds obeys -order kinetics. The method applied here 





was useful to studying those compounds selected (AB (1Φ)𝜀𝐵≠0 and AB (2)) systems, 
and will helpfully describe and rationalise photostability and photokinetics. 
8.7. Conclusion 
A new kinetic order (-order) was designed to describe the photodegradation of 
systems AB (1Φ)𝜀𝐵≠0and AB (2) as driven by polychromatic light. These results 
strongly suggest that the photodegradation reactions of studies compounds in ethanol 
are better described by the -order kinetics than classical thermal kinetic orders (which 
are, in a practical sense, not useful in these instances). The overall rate constant, 𝑘𝜂, was 
found to be dependent on ΦA→B, ΦB→A,𝜀𝐴
𝑖𝑟𝑟  , 𝜀𝐵
𝑖𝑟𝑟  , and 𝑃𝑖𝑟𝑟 , but was concentration 
independent. This study strongly suggests that studies compounds should be protected 
from light under all circumstances. 
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Development of actinometers   





9.1.  Introduction 
The rates at which photochemical reactions proceed are related to the number of 
photons absorbed. Therefore, it is important to determine the number of the photons 
absorbed by a molecule during any given photochemical reaction. The number of 
photons absorbed is obtained using actinometry [1]. 
Chemical actinometry is achieved by the irradiation of the sample at a fixed 
concentration and maintaining all other conditions, with the except that light intensity 
is varied. The rate at which the molecule reacts can thus be determined, as is normally 
quantified via determining the change in concentration of the principal reagent and 
photoproduct after irradiation for given length of time. Once the rate of the 
photoreaction actinometer has been quantified, using the known quantum yield (Φ) of 
the specific chemical actinometer, the photon flux (𝑁) can then be determined using 
Eq.9-1 [1].     
                                                                𝑃𝑎𝑏𝑠,𝑖𝑟𝑟 =
𝑟𝑎𝑡𝑒 
Φ
             Eq. 9-1 
According to the limitations of chemical actinometers, as ferrioxalate requires working 
in dark and time consuming due to it is need to special analytical procedure, and physical 
actinometers (which is need to calibrated), as described in chapter 2, the aim of this 
chapter is to use the Φ-order and 𝜂-order kinetics to develop new, accurate and easy to 
implement actinometers for monochromatic and polychromatic studies.  
 
 





9.2. Results and discussion 
9.2.1. Development of actinometry under irradiation by monochromatic light  
In order to test the validity of this new procedure, freshly prepared ORVT solutions were 
subject to irradiation using beams of different radiant powers at one of the six UVA 
monochromatic wavelengths (λirr =295, 310, 328, 340, 350 and 360 nm). For a specified 
λirr, the experimental photokinetic traces obtained for the sequence values of radiant 
power (Fig. 9-1) were each fitted with the model described by Eq. 5-4. A good fit was 
observed for these photokinetic traces, further confirming that ORTV as example obeys 
Φ‐order kinetics. Linear relationships were obtained for the variation of the overall rate 
constant (k) and radiant power values (P) for each λirr (inset in Fig.9-1). 
 
Figure 9- 1:  Effect of increasing the radiant power of the monochromatic irradiation beam on the 
photokinetic traces of t‐ORVT (2 × 10‐5 M) at 340 nm. The experimental data (circles) were fitted by 
Eq. 5-3. Inset: Linear correlation of 𝑘𝐴⇌𝐵
𝑖𝑟𝑟  (in s-1) with 𝑃𝑖𝑟𝑟 (in einstein s
-1 dm-3) for each. 
 
The 𝛽𝑖𝑟𝑟 factor values were calculated from the experimental data, as described in Table 




























































corresponding wavelengths, a sigmoid-shaped graph is obtained (Fig.1, Eq.9-2), except 
the O-DAE is triangle-shape graph. 
𝑘𝐴⇋𝐵
𝑖𝑟𝑟 = (Φ𝐴→𝐵
𝑖𝑟𝑟  ×   𝜀𝐴
𝑖𝑟𝑟 + Φ𝐵→𝐴
𝑖𝑟𝑟  ×  𝜀𝐵
𝑖𝑟𝑟) × 𝑙𝑖𝑟𝑟 × 𝑃𝑖𝑟𝑟  ×  𝐹𝑖𝑟𝑟(𝑝𝑠𝑠) = 𝛽𝑖𝑟𝑟 ×
𝑃𝑖𝑟𝑟                                    Eq.5-4 
The advantages of Eq.9-2 are both to allow the 𝛽𝑖𝑟𝑟 values to be obtained at any 
wavelength in the range studied, and to facilitate the determination of the radiant 
power (𝑃𝑖𝑟𝑟,𝑥) of an unknown source, assuming a monochromatic wavelength (𝑖𝑟𝑟,𝑥) is 
used.  𝛽𝑖𝑟𝑟 allows us then to develop a new actinometric method. This can be simply 
obtained using the ratio 𝑃𝑖𝑟𝑟,𝑥 = 𝑘𝐴⇌𝐵
𝑖𝑟𝑟,𝑥 𝛽𝑖𝑟𝑟  ⁄ , where these parameters correspond to 
the 𝛽𝑖𝑟𝑟 value calculated using Eq. (9-2) for 𝑖𝑟𝑟,𝑥, and 𝑘𝐴⇌𝐵
𝑖𝑟𝑟,𝑥 , as obtained by irradiating 
ethanolic solutions in studies of stilebinods compounds by the monochromatic beam (at 
𝑖𝑟𝑟,𝑥) and by fitting its trace to Eq. 5-3 (chapter 5). 
𝛽𝑖𝑟𝑟,𝑋 = 𝐴 +
𝐵
1+𝐶×𝑒−𝐷(𝑖𝑟𝑟−𝐸)
      Eq. 9‐2a 
Where the values of A, B, C, D and E are given in Table 9‐1. 
Table 9- 1: Values of equation 9‐2a. 
Compound (X) A B C D E 
t-STIL 1550 38900 62 0.1 251 
PINO 5500 14400 1.35 0.11 297 
RVT 2303 38500 79 0.101 256 
ORVT 2220 23900 139 0.088 260 
PTERO 700 38500 96 0.084 242 
C-DEA 3100 4000 0.12 0.08 510 
 
 





In the case of DAE, the following equations were obtained:  
𝛽𝑖𝑟𝑟,𝑂−𝐷𝐴𝐸 (280−350) = 32.32 × 𝑖𝑟𝑟 − 3236.1    Eq. 9‐2b 
𝛽𝑖𝑟𝑟,𝑂−𝐷𝐴𝐸 (350−380) = −93.65 × 𝑖𝑟𝑟 + 41018    Eq. 9‐2c 
The linear trend for DAE is characterised by a positive gradient for O‐DAE and a negative 
slope for C‐DAE. 
 
Figure 9- 2:  Calculated 𝛽𝑖𝑟𝑟 values (circles) for E-STIL and PINO using Eq. 5-4 and the values of 𝑘𝐴⇌𝐵
𝑖𝑟𝑟   
and 𝑃𝑖𝑟𝑟 provided in Table 5-5, Chapter 5. The sigmoid model, Eq.9-2 (line) was used to fit the 
experimental data. 
 
For the purposes of this study, the several radiant power values of these experiments 
were considered unknown and were determined as stated above (using the -order 
rate constants found for each irradiation). The reliability of the method is indicated by a 
good correlation between the experimental 𝑃𝑐𝑙𝑑. and the calculated 𝑃exp. values of the 
radiant power (Fig.9-3). The straight line is characterised by a slope close to unity and a 























































Figure 9- 3: Linear correlation of experimental 𝑃exp. with calculated 𝑃𝑐𝑙𝑑. values of the radiant power 
for PINO and RVT as example of stilebinods. 
 
9.2.2. Development of actinometry for the studies of compounds irradiated 
under polychromatic light  
 
In the polychromatic light irradiation studies, the orders Φ and 𝜂 can be used to develop 
new actinometers under polychromatic light. 
These experiments were exposed to different radiation power such as 400-600 nm for 
AB (1Φ)𝜀𝐵=0, and 200-400 nm for systems AB (1Φ)𝜀𝐵≠0 and AB (2). The kinetic traces 
are fitted by a particular order kinetic, as Φ- and 𝜂-order, which are dependent on the 
type of photoreaction, as described in Chapters 7 and 8. The ∑𝛽𝐴𝐵 factor values can be 
calculated from the gradient of the linear relationship between the overall rate constant 
and the sum of the radiant powers (Eq. 9-3). 
𝒌 =  ∑𝜷𝑨𝑩 ×∑𝑷 (𝑖)               Eq.9-3 
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9.2.2.1. C-DAE actinometric potential 
The actinometric potential of C-DAE can be developed by exposing fresh solutions of 
4.33 x 10-6 M to several polychromatic light intensities in the range 400-800 nm. A good 
fit with Eq.6-1 was observed for the experimental traces (Fig. 9-4), confirming that the 
C-DAE obeys Φ-order kinetics. A straight line was found when plotting 𝑘𝐴𝐵,𝑐𝑙𝑑 against 
∑𝑷(𝑖), with the intercept around zero and a correlation coefficient of 0.998 (Fig. 5a). 
The value of the gradient of the straight line was expressed as factor called  ∑𝛽𝐴𝐵 (Eq.6-
2) [2–6].  





 × ∑  𝜀𝐴)





) × 𝑒(−𝑘𝐴𝐵𝑡))               Eq.6-1 
𝑘𝐴𝐵 = ln10  × 𝑙𝑖𝑟𝑟 × ∑(Φ𝐴𝐵 × 𝜀𝐴 × 𝑃) =  ∑𝛽𝐴𝐵 ×∑𝑃(𝑖)              Eq.6-2 
 
Figure 9- 4:  Effect of increasing the radiant power of the polychromatic irradiation beam using LED 
torch lamp on the photokinetic traces of C-DAE (4.35 × 10‐6 M) between range 400-600 nm. The 
experimental data (circles) were fitted by Eq. 6-1. 
In addition, the actinometry study can be achieved using the initial velocity (gradient of 
































trace. A good linear relationship between the initial velocity and the radiation power 
(Fig. 9-5b) was observed. This finding confirms that the Φ-order model described the AB 
(1Φ)𝜀𝐵=0 photoreaction under polychromatic light well. The gradient achieved from the 






 =  ∑𝛿 ×∑𝑃(𝑖)                Eq.9-4 
Table 9- 2: Actinometry study of C-DAE  














4.26 3.22 0.016 0.026 
4.35 3.82 0.033 0.057 
4.33 4.19 0.048 0.076 
4.35 4.63 0.058 0.093 
4.34 5.24 0.082 0.127 
4.32 6.04 0.107 0.168 
        * where ∑  𝜀𝐵(𝑖) is 1323914.19 M
-1 cm-1 
  
Figure 9- 5: (a) Linear relation between Overall rate-constant (𝑘) of C-DAE with ∑𝑃𝑒𝑥𝑝.(𝑖). (b) Linear 
relation between initial velocity (gradient) of C-DAE with ∑𝑃𝑒𝑥𝑝.(𝑖). 
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The values of ∑𝛽𝐴𝐵 and ∑𝛿 are not related to each other and are obtained differently, 
as shown by Eqs. 9-3 and 9-4. These values were used to determine the sum of the light 
intensity of the polychromatic light beam in the range 400-600 nm. By using these 
factors, the values of ∑𝑃𝑐𝑙𝑑. (𝑖) so quantified were correlated to the experiment with 
an error of less than 5% and a correlation coefficient of 0.999 with an intercept around 
zero, which mean that values above correlate well with each other.     
 
Figure 9- 6: Linear correlation of experimental (∑ P exp. (𝑖).) with calculated (∑𝑃𝑐𝑙𝑑. (𝑖)) values of 
the radiant power for C-DAE studied under polychromatic light irradiation using LED Torch (visible 
light). 
 
9.2.2.2. NIF, DBZ, stilebinods group, AXI and O-DAE actinometric potentials 
It is interesting to note that the 𝜂-order (Chapter 8) was offered to the actinometric 
method developed for NIF, DBZ (as an example of AB (1Φ)𝜀𝐵≠0), the stilebinods group, 
AXI and O-DAE (as an example of AB (2) system). 
The potential of the studied compounds, as actinometers, were set out in a series of 
fresh ethanolic solutions from each compound and subjected to varying intensities of 
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polychromatic light (in the range 200-400 nm). The photokinetic traces of the studied 
compounds were well fitted to the 𝜂-order equation, and these fits were used to obtain 
the overall rate-constants. The photochemical reaction became faster with high values 
of the ∑𝑃𝑒𝑥𝑝.(𝑖) . In addition, as predicted by the pervious equation Eq.9-3, the linear 
relationship found between the 𝒌𝜼 and ∑𝑃𝑒𝑥𝑝.(𝑖) had a correlation coefficient of 
around 0.99 and an intercept close to zero (Fig. 9-7; Table 9-3).    
             
Figure 9- 7:  a,b. Linear relation between Overall rate-constant (𝑘) and ∑𝑃𝑒𝑥𝑝.(𝑖)  
 
Furthermore, there is a new and straightforward method by which to quantify the ∑𝛽𝐴𝐵 
factors without follow the reactions to completion. This method was performed by a 
using a fresh ethanolic solution at same concentrations as the studied compounds (Table 
9-3). These concentrations were subject to irradiation under different polychromatic 
light intensities for the same period of time as each experiment. The concentrations 
after exposure to this light were obtained by HPLC. Then, by using the Φ- and 𝜂-order 














































was achieved through rearranging Eqs. (6-4 and 9-5) for the 𝜂- and Φ-orders, 
respectively. Once 𝑘 was determined for each sum of light intensities, the plot of 𝑘 
against ∑𝑃𝑒𝑥𝑝.(𝑖)  should be found to be linear, as predicated in Eq. 9-3. Therefore, the 
value of ∑𝛽𝐴𝐵 can be quantified from the gradient of the linear relationship between 𝑘 
and ∑𝑃𝑒𝑥𝑝.(𝑖) , as per the previous method.  
                         𝜂(𝑡) = −𝑘𝜂𝑡                                           Eq.6-4 
             𝜂(𝑡) =  (𝐶𝐴𝑡 − 𝐶𝐴0) × 𝛼 + 𝛾 × 𝐿𝑛 
𝐶𝐴𝑡+𝛿
𝐶𝐴0+𝛿
               Eq.6-5 
                                        𝑘𝐴𝐵 = 𝑙𝑖𝑟𝑟  × (
1
𝑡
 ×  𝑙𝑛
(−1+10𝐶𝐴 (𝑡)× ∑  𝜀𝐴)
(−1+10 ∑𝐴0))
)               Eq.9-5 
where 𝜶, 𝜸 and 𝜹 are factors that are dependent on the type of reaction, as described 
in Chapter 6. 
In order to test the validity of this method, the percentage errors between the ∑𝛽𝐴𝐵 
factors calculated by this method and the previous procedure were found to be less than 
5%. This indicated that the method was valuable, applicable and time efficient, as 
illustrated in Fig. (9-8).       
Table 9- 3:. Equations for calculation of the radiant power ∑𝛽𝐴𝐵 using the compounds 
studied in ethanol under polychromatic light irradiation. 
Compound Concentration × 10
5 
/ M  





NIF 2.69 𝒌= 1365.3 x ∑𝑷𝒆𝒙𝒑.+ 6 x 10
-5 0.99 
DBZ 2.30 𝒌 = 211.07 x ∑𝑷𝒆𝒙𝒑. - 1 x 10
-5 0.99 
STIL 1.28 𝒌 = 0.0052 x ∑𝑷𝒆𝒙𝒑. + 8 x 10
-9 0.99 






Concentration × 105  
/ M 





PINO 2.12 𝒌 = 0.0038 x ∑𝑷𝒆𝒙𝒑. - 6 x 10
-9 0.99 
RVT 2.11 𝒌 = 0.0098 x ∑𝑷𝒆𝒙𝒑. - 1 x 10
-8 0.99 
ORVT 2.41 𝒌 = 0.0069 x ∑𝑷𝒆𝒙𝒑. + 2 x 10
-9 0.99 
PTERO 2.01 𝒌 = 0.0148 x ∑𝑷𝒆𝒙𝒑. + 2 x 10
-8 0.99 
AXI 1.37 𝒌 = 0.0066 x ∑𝑷𝒆𝒙𝒑. - 2 x 10
-8 0.99 
O-DAE 0.436 𝒌 = -0.01 x ∑𝑷𝒆𝒙𝒑.- 1 x 10
-8 0.99 
 
              
Figure 9- 8:  The linear relation between overall rate-constant (𝑘), applying Φ (A) and 𝜂 (B), with 
∑𝑷𝒆𝒙𝒑.(𝑖) ; the circles represent the results for the new method and the tringles represent the results 
for the old method. 
 
The ∑𝛽𝐴𝐵 factors were obtained from the gradient of the linearity between the 𝒌𝜼 and 
∑𝑃𝑒𝑥𝑝.(𝑖) . It important to say that the ∑𝛽𝐴𝐵 factors values for each compound are 
useful to quantify the sum of the polychromatic light intensity of unknown sources once 
Eq.9-3 has been rearranged. The accuracy of this method is demonstrated by the 
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calculations, with a correlation coefficient of 0.99, which means that the two values of 
light intensities are essentially identical to each other (Fig. 9-9).  
∑𝑷(𝑖) =  
𝒌𝜼
∑𝜷𝑨𝑩
    Eq.9-3 
 
Figure 9- 9: Linear correlation of experimental (∑ P exp. (𝑖)) and calculated (∑ P cld. (𝑖)) values for 
the radiant power for NIF (as an example of system 2) and PINO (as an example of system 3) under 
irradiation by polychromatic light; for other compounds, see appendix (V). 
 
Moreover, in this study was provided another scale of the photoreactivities for 
compounds under polychromatic irradiation through the ∑𝛽𝐴𝐵 factor (Table 9-4) as scale 
for monochromatic light (Chapter five, Table 5-6). The values of 𝛽𝐴𝐵 factor of the C-DAE 
in polychromatic is much bigger than monochromatic light irradiation (Table 5-6), snice 
they were used same method -order kinetics. This finding shows that the 
photoreactivity in the polychromatic is much higher than in the mononchromatic light 
irradiation. However, the 𝛽𝑖𝑟𝑟 factors in other compounds was quantified based on 
different model (-order), and it is interesting finding the 𝛽𝑖𝑟𝑟 of AB (1Φ)𝜀𝐵≠0 is higher 
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than AB (2), whereas in the scale of the 𝛽𝑖𝑟𝑟 factors for momochromatic light 
irradiation (Table 5-6) show that the 𝛽𝑖𝑟𝑟 values is larger in major cases of AB (2) than  
AB (1Φ)𝜀𝐵≠0. 
Table 9- 4: Comparative 𝛽𝑖𝑟𝑟 values for several compounds. 
Compound Pseudo Rate Constant 












9.3. Study of different lamps on the  ∑𝜷𝑨𝑩 factors 
 
In this section, we will describe the effect of the lamp prolife on the ∑𝛽𝐴𝐵 factors, where 
the ∑𝛽𝐴𝐵 factors are used to quantify the intensity of the light, as discussed previously. 
By setting up the experiment as described previously, and ensuring identical reaction 
conditions, the ∑ P exp(𝑖)  values for each lamp were found to be same whilst the light 
profiles were different (∑ P exp(𝑖)  of each light profile for NIF study was 2.97 × 10
4 
einstein s-1 dm-3, while, in O-DAE study was 2.98 × 105 einstein s-1 dm-3). In this study, 
four different lamps profiles in the range 200-400 nm were used, one short wavelength 
with a maximum at 254 nm, the second one mid wavelength (302 nm), the third long 
wavelength (365 nm) and the fourth was a mix of short with long wavelength (254/365 





nm) by using the NIF and O-DAE as experimental examples of systems AB (1Φ)𝜀𝐵≠0 and 
AB (2), respectively. Fresh solutions of the selected compounds were exposed to 
irradiation by the different light intensities of each lamp, as described in the previous 
section. The ∑𝛽𝐴𝐵 factors for these compounds were quantified using the new method. 
The findings indicated that the ∑𝛽𝐴𝐵 factors for each compound were different from 
one lamp to another (Fig. 9-10), which suggests that it is important to take into 
consideration the type of the lamp used when performing photodegradation studies due 
to it being difficult to replicate the results as it is difficult to obtain the same light profile 
in each lab.  In this study found that there is more variation when plot 𝑘𝜂 against ∑𝑃(𝑖)  
in case NIF than O-DAE, and this might be due to the type of the reaction is different, 
where the NIF is AB (1Φ)𝜀𝐵≠0 but the O-DAE is reverse reaction.  
  




















































Figure 9- 11: (a) and (b) The light profile used for study effect of different lamp on ∑𝜷𝑨𝑩 factors for 
NIF and O-DAE, respectively.  
 
9.4. Discussion  
 
New chemical actinometers have been developed here for both monochromatic and 
polychromatic light irradiation. The compounds used as new actinometers covered a 
broad range of the spectrum, namely the UVA, UVB and visible region, such as in the 
monochromatic and polychromatic studies. These compounds are available 
commercially, are thermally stable, easy to prepare and follow a known photochemical 
reaction mechanism.    
A comprehensive and easy to implement actinometry technique that can be used for 
confirmatory purposes in various ways was also suggested. This technique can be 
applied to the high energy radiant lights that are sometimes needed by radiation 
experiments in absorption bands with low efficiency, such as 𝑖𝑟𝑟  < 250 nm for STIL, 


























Mid range lamp 302nm
Long wavelength lamp
365nm








































they can be easily cover as the UVB, UVA and visible spectrum spans the wide 250–570 
nm range. 
It is important to note that the type of lamp was effect in replicate the results as describe 
in the 𝛽𝑖𝑟𝑟 graph (Fig. 9-10), thus when the ferrioxalate, as popular and standard 
actinometer [1], was used to obtained the light absorbed by the molecule. In this case, 
it is need to achieved same condition and same type of the lamp that used in the 
ferrioxalate actinometer because of the data of the ferrioxalate actinometer was 
obtained from particular light source. Moreover, it is interesting to state that each 
compound actinometer has different 𝛽𝐴𝐵 factor, thus lead to it is difficult to use any 
compound actinometer to determine the light absorbed by another compound due to 
the original actinometer is special for each compound, and it might be the light absorbed 
between the compound is different because each compound has different absorption 
spectra.    
However, these methods are definitely not limited to the compounds described above, 
but can be applied conveniently to many other photoabsorbing molecules whose 
photoreactions proceed via similar mechanisms. 
Finally, it should be pointed out that to apply the actinometric method described in this 
study, neither the absolute values of the forward and reverse quantum yields, nor the 
photoisomer spectrum produced must be known. It is possible that this improves 
actinometry because the new approach proposed in this work reduces two of the most 





important parameters relating to the design of actinometers as based on the 𝛽𝑖𝑟𝑟 
factors [1]. 
9.5.   Conclusion 
 
Under monochromatic and polychromatic studies, we have developed a new 
actinometric method for the different compounds. This method is a good actinometric 
alternative to the ICH-recommended procedure and quinine hydrochloride [11] as a 
chemical actinometer [4,12] and, indeed, other chemical actinometers such as 
ferrioxalate [1], which is a standard actinometer and that requires complex reagents 
such as phenanthroline to form the colour when quantifying the light intensity. The 
actinometric method using the selected compounds’ photoreactions in ethanol could 
readily be implemented for any unknown source of light radiation for different 
wavelength ranges. This study has found that when describing the compounds 
reactivities, there is one parameter that is more significant and broad-ranging than the 
photochemical quantum yields, which is 𝛽𝑖𝑟𝑟. This method can easily be used to 
determine 𝑃𝑖𝑟𝑟for unknown light sources without knowing the quantum yields of the 
reactions (Φ) and/or the product photoisomers’ spectra (𝜀𝐵
𝑖𝑟𝑟) by using the 𝛽𝑖𝑟𝑟 factor 
instead.   
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This research work deals with the absence of detailed photokinetic models explaining 
kinetics of photochemical reactions. A two-step approach has been developed for the 
development of new kinetic models (and), consisting of (i) a model development 
stage based on optimised closed-form integrated rate-laws and NIM simulation cases, 
and (ii) the model validation stage which is designed to confirm the validity of the 
developed model with further NIM simulation kinetical cases within defined applicability 
limits.  
For three types of photoreaction mechanisms, namely unimolecular AB (1Φ)𝜀𝐵=0  , 
unimolecular AB (1Φ)𝜀𝐵≠0 and photoreversibles AB (2), the above methodology is 
used for the development of new photokinetic order. 
A confirmation of the validity of the above models was achieved using C-DAE as model 
example for AB (1Φ)𝜀𝐵=0) reaction types, NIF and DBZ as drug examples for AB 
(1Φ)𝜀𝐵≠0) reaction, and stilbinolid group, AXI and O-DAE as compound examples for 
photoreversibles AB (2) reaction mechanisms.  
 
Consequently, a precise description of the kinetic evolution of the compounds’ 
photoreactions in solutions was achieved through the utilisation of the models. The 
benefit of the kinetic models also included the elucidation of the kinetic parameters that 
defined the mechanisms of the photoreaction studies and the quantitative analysis of 
the initial concentration effects on the kinetic photoreaction. 
 





In addition, it was also noticed that a new kinetic parameter that could be commonly 
used to describe the rate of photoreactions, namely the beta factor or the pseudo rate-
constant, it is also proved to be a beneficial tool for analysis and comparison of 
photoreactivity rates independently of the intensity of the monochromatic and 
polychromatic light used.  
The models above could be used to describe the kinetics of any molecules that follow 
the above mechanisms of photoreaction. As is common in thermal studies, for 
comparative and photoprotective purposes, the kinetic parameters underlying these 
photoreactions are also identified and used for the shelf-life determination by the 
proposed kinetic elucidation methods. 
Finally, these studies provide simple, accurate and universally reproducible experiments 
for carrying photostability studies, as well as analysing the resulting kinetic data. The 
study also offers both quantitative and qualitative photostability data for molecules and 
may also be used by extrapolation in the quantitative analysis of variables, as well as for 
predictive purposes. 
10.2. Future work and limitation  
 
Notably, the research presented within this thesis offers approach for the exploration 
and analysis of photoreactions kinetics. As well as this, it opens new research 
perspectives in the field of photochemistry.  
Through the utilisation of the NIM-based methodology, the development of further 
kinetic models for molecules and drugs photo-degrading, via different mechanism of 





reaction from the ones described in this thesis, is possible. Nevertheless, a step-by-step 
method to the study of other photoreaction mechanisms has the possibility of 
progressively leading to the development of photoreactions’ kinetic models, which 
could ultimately cover most eventualities and that could contribute to the development 
of photo-protective strategies. This method should be performed in combination with 
practical photostability studies on molecules that have been studies as reaction 
mechanisms. The photoreactive mechanism of drugs has limited information, which is 
useful for the determination of photo-products, and for elucidation and verification of 
the reaction mechanisms by advanced analytical methods such as Liquid 
Chromatography Mass Spectrometry (LC-MS). Consequently, this would provide an 
overview of reliable reactions, as well as the effects of various variables, such as 
excipients and solvents. When such mechanisms are combined with a quantitative data 
treatment technique such as -kinetics, accurate conclusions can be drawn about the 
photostability of compounds and informed decisions can be concerning over protective 
means and shelf-life.  
Different studies have shown the dependence of the quantum yield of the 
photoreactions on irradiation wavelength and it has been confirmed in these studies. 
Therefore, the result itself should be explored further within the same and new 
mechanisms. As well as, the variation of this essential parameter with wavelength 
should be carefully examined, because a mathematical relationship between the 
quantum yield and the wavelength could be defined in all cases. 
 







Results of the photokinetic studies of 
some stilbenoid and diarylethene 














Results of the photokinetic studies of some stilbenoid and diarylethene derivatives 
under monochromatic light 
i. Results of the identifiability issue: 








Figure I- 1: The t-ORVT concentration monitored by HPLC when irradiated continuously with a 
monochromatic beam at 328 nm (2.39 × 10−7 einstein s−1dm−3, 22◦C) and fitted by Eq.36 using 








































































































Figure I- 2: Evolution the electronic absorption spectra of PINO, t-RVT, PTERO, ORVT and O-DEA ( 2.16 
× 10-5, 1.88 × 10-5, 1.95 × 10-5, 2 × 10-5 and  5.26 x 10-6 M, respectively) in ethanol solutions subjected 
to continuous irradiation with a monochromatic beams at   300, 310, 320, 328 and 350  ( 5. × 10-7, 
7.03× 10-7, 1.06 ×10-6 , 2.64 × 10-7 and  5.4 × 10-7 einstein s-1 dm-3), respectively. The arrows 
indicate the direction of the evolution of absorption maxima during photoreaction and vertical line 
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Figure I- 3: Photokinetic traces of t-STIL, RVT, ORVT , PTERO, O-DAE and C-DAE in ethanol solutions at 
different irradiation wavelengths (λirr) and λobs= 300, 310, 320, 328, 350 and 520 nm, respectively. 
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iv. Reconstructed electronic absorption spectra of some studies compounds 
 
                  






Figure I- 4: Native and reconstructed electronic absorption spectra (absorption coefficient units) of t‐
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v. Degradation percentage of A and B compounds 













𝒊𝒓𝒓 % DEGRADATION 
t-STIL 
240 0.525 1.27 0.398 3.12 75.73 
270 0.585 1.38 0.447 3.25 76.45 
280 0.556 1.25 0.430 3.43 77.44 
290 0.497 1.09 0.388 3.56 78.07 
300 0.539 1.09 0.429 3.92 79.69 
310 0.469 0.935 0.375 4.01 80.04 
PINO 
280 2.38 10.31 1.35 1.31 56.66 
290 2.32 5.80 1.74 2.99 74.96 
300 2.16 4.71 1.68 3.57 78.16 
310 2.11 3.85 1.72 4.48 81.74 
320 1.98 2.94 1.68 5.72 85.13 
330 2.31 3.26 1.98 6.09 85.98 
 
RVT 
290 1.84 6.96 1.14 1.64 62.18 
300 1.83 6.66 1.17 1.75 63.69 
310 1.92 6.87 1.24 1.80 64.30 
320 1.92 6.23 1.29 2.08 67.53 
330 2.02 5.08 1.52 2.99 74.92 
340 1.88 2.88 1.59 5.55 84.74 
ORVT 
260 1.79 7.83 1.003 1.28 56.17 
295 1.74 3.54 1.36 3.92 79.67 
310 1.69 4.65 1.22 2.63 72.47 
320 1.74 4.21 1.32 3.15 75.90 
328 1.6 4.19 1.18 2.82 73.83 
340 1.61 
 
2.7 1.34 4.95 83.2 
350 
 
1.91 2.23 1.69 7.59 88.36 
360 1.68 0.43 1.64 38.23 97.45 
PTERO 
240 1.54 0.14 1.33 0.094 8.63 
250 1.24 9.29 3.11 0.34 25.07 
270 1.52 9.28 5.96 0.64 39.10 
290 1.49 4.92 9.98 2.03 66.97 
300 1.48 4.04 0.11 2.65 72.59 
310 1.51 4.45 0.11 2.39 70.54 
320 1.50 3.92 0.11 2.82 73.81 
O-DAE 
290 1.35 5.05 0.85 1.68 62.71 
330 1.39 3.95 1.00 2.53 71.71 
350 1.16 0.27 1.14 42.39 97.69 
360 1.07 0.12 1.06 88.13 98.87 
380 0.464 0.081 0.46 56.00 98.24 
 











Figure I- 5: Relationship between 𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 % with irradiation wavelength ( 𝑖𝑟𝑟) of PINO, RVT, 
ORVT and O-DAE. 
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Degradation % = 0.3845 x 𝑖𝑟𝑟 - 46.379
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Figure I- 6: t-STIL, PINO, ORVT, O-DAE and C-DAE forward 𝛷𝐸→𝑍
𝑖𝑟𝑟 and reverse 𝛷𝑍→𝐸
𝑖𝑟𝑟  photochemical 




































ZE/EZ= 0.0528 x 𝑖𝑟𝑟 - 14.449 


















































































































Figure I- 7: The relationship of the quantum yields ratio (𝛷𝑍→𝐸
𝑖𝑟𝑟 /𝛷𝐸→𝑍
































































































Figure I- 8: The linear‐ relationship of the experimental and calculated PINO, ORVT, O-DAE and C-DAE 
(Eq.5-17 - 5-19) values of the forward (𝛷𝐸→𝑍
𝑖𝑟𝑟 ) and the reverse (𝛷𝑍→𝐸
























ΦBA,Cld =1.0234x ΦBA,EXP – 0.0059
r = 0.99
ORVT
AB,Cld = 1.0025 xAB,Exp. - 0.0039
r² = 0.99







































ΦBA,Cld = 0.985 x ΦBA,Exp. + 0.0045
r = 0.99
PINO
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Table I-2: Quantum yields of Z ⇋E photoismoerisation and photostatsionary state of stilbene 
and some derivative. 
Compound Solvent Wavelength 
nm 
ФE→Z ФZ→E Ref. 
Stilbene  
n-Hexane 
254 0.67 0.28 
63 
313 0.59 0.32 
cyclohexane 
254 0.79  
71 
300-313 0.32  
Benzene 
313 0.36  71 
313 0.46 0.33 64,65,66 
405 0.42 0.22 67 








313 0.60 0.38 
78 
405 0.70 0.39 







313 0.14 0.45 
70 
 
366 0.20 0.40 
405 0.16 0.42 
436 0.16 0.37 
Benzene 
313 0.015 0.42 
70 
366 0.016 0.39 
405 0.015 0.40 
436 0.013 0.40 










254 0.52 0.22 72 






254 0.39 0.34 72,74 





313 0.16  68 




313 0.24 0.28 76 





313 0.04  
69 334 0.05  
366 0.08  
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Table I-3: the effect of the monosubstituted and disubstituted on the value of quantum yield of 
Stilbene. 








-NH2 0.12 0.23 0.52 Acetonitrile [1] 
0.04 0.09 0.49 Cyclohexane [1] 
-OH  0.32 0.42 Cyclohexane [6,7] 
0.39 0.25 0.35 Acetonitrile [10] 
0.30 0.19 0.49 Acetonitrile/H2O (1:1) [10] 
-OCH3 
 0.31 0.40 Cyclohexane [7] 
 0.32 0.39 [8] 
 0.39 0.53 Acetonitrile [8] 




0.48 0.07 0.37 Cyclohexane [3] 
0.44 0.07 0.42 Acetonitrile 
-Cyano  0.44 0.41 Cyclohexane [11] 











































0.32 Acetonitrile [12] 
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1. Rate law of the system AB(1Φ)𝜀𝐵=0  
The differential equation of the A → B photoreaction AB(1Φ)𝜀𝐵=0when irradiated with 







= −𝑙𝜆𝑖𝑟𝑟 × 𝐶𝐴 (𝑡) × ∑ Φ𝐴→𝐵(𝜆𝑖) × 𝜀𝐴 (𝜆𝑖) × 𝑃(𝜆𝑖) × 𝐹(𝜆𝑖, 𝑡)
𝜆𝑓
𝜆𝑖
       
Eq.A2.1 
 
with 𝑙𝜆𝑖𝑟𝑟  (a constant) and 𝐶𝐴
𝑗(𝑡) are wavelength independent. Hence, the summation 
over the irradiation wavelength domain concerns all remaining parameters, including 
the photokinetic factor (which involves the total absorbance 𝐴𝑡𝑜𝑡(𝜆𝑖, 𝑡) = 𝑙𝜆𝑖𝑟𝑟 ×
𝐶𝐴















𝑗 (𝑡)×∑ 𝜀𝐴 (𝜆𝑖)
𝜆𝑓
𝜆𝑖
              Eq.A2.2 
 





























𝑗 (𝑡)×∑ 𝜀𝐴 (𝜆𝑖)
𝜆𝑓
𝜆𝑖 )  
        Eq.A2.4 
 
If we separate the variables of the equation, we find    




= −𝑙𝜆𝑖𝑟𝑟 ∑ 𝛷𝐴→𝐵(𝜆𝑖) × 𝜀𝐴 (𝜆𝑖) × 𝑃(𝜆𝑖)
𝜆𝑓
𝜆𝑖
𝑑𝑡                    Eq.A2.5 
To achieved the integration of the left side of Eq. A2.5 it is required to make use of a 
change of variable, e.g. 𝑑 (10(𝐴𝑡𝑜𝑡(𝜆𝑖,𝑡))=(ln(10) )10(𝐴𝑡𝑜𝑡(𝜆𝑖,𝑡) 𝑑𝐴𝑡𝑜𝑡(𝜆𝑖, 𝑡),  
Hence the integration of  






= −∫ [𝑙𝜆𝑖𝑟𝑟 ∑ 𝛷𝐴→𝐵(𝜆𝑖) × 𝜀𝐴 (𝜆𝑖) × 𝑃(𝜆𝑖)
𝜆𝑓
𝜆𝑖





= − ln(10) 𝑙𝜆𝑖𝑟𝑟 ∑ 𝛷𝐴→𝐵(𝜆𝑖) × 𝜀𝐴 (𝜆𝑖) × 𝑃(𝜆𝑖)
𝜆𝑓
𝜆𝑖
𝑡                         Eq.A2.7 
 
Reformulate Eq.A2.7 
𝐴𝑡𝑜𝑡(𝜆𝑖 , 𝑡) = log(1 + (−1 + 10
(𝑙𝑖𝑟𝑟
×(𝐶𝐴 (0)×𝑙𝑜𝑏𝑠×







                      Eq. A2.8 
Rewriting the Eq. A2.8 in form  𝐶𝐴 (𝑡) is given as  
 
𝐶𝐴 (𝑡) =   
1
(𝑙𝑖𝑟𝑟  × 
∑  𝜀𝐴)
× log (1 + (−1 + 10
(𝑙𝑖𝑟𝑟×(𝐶𝐴 (0)×𝑙𝑜𝑏𝑠
×∑  𝜀𝐴)) × 𝑒(−𝑘𝐴𝐵𝑡))        Eq. A2.9 
 
with the rate-constant has the following expression. 
 
𝑘𝐴𝐵 = ln(10) 𝑙𝜆𝑖𝑟𝑟 ∑ 𝛷𝐴→𝐵(𝜆𝑖) × 𝜀𝐴 (𝜆𝑖) × 𝑃(𝜆𝑖)
𝜆𝑓
𝜆𝑖
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2. Rate law of the for AB (𝟏𝚽)𝜺𝑩≠𝟎and AB (2) 








𝑙𝜆𝑖𝑟𝑟          Eq. A2.11      
If the section irradiated is relatively large (a very tens of nm) or the concentration is not 
too low, the total absorbance is relatively high (𝐴𝐴 (𝜆𝑖, 𝑡) > 3) which means that the 











×𝐶𝐴 (𝑡)×∑ 𝜀𝐴 (𝜆𝑖)
𝜆𝑓
𝜆𝑖
      Eq. A2.12 












                                            Eq.A2.13 





×∑ [𝜀𝐴 (𝜆𝑖)−𝜀𝐵 (𝜆𝑖)]
𝜆𝑓
𝜆𝑖
            Eq.A2.14 




∑ [𝜀𝐴 (𝜆𝑖)−𝜀𝐵 (𝜆𝑖)]
𝜆𝑓
𝜆𝑖
       Eq.A2.15 
Hence, introducing these equations in Eq.A2.11 gives the following differential equation. 
   






𝐶𝐴 (𝑡) + 𝛽𝐴𝐵(𝜆)
× 𝛼𝐴𝐵(𝜆)
× (−𝐶𝐴 (𝑡)
× (𝑙𝜆𝑖𝑟𝑟 ×∑[(Φ𝐵→𝐴(𝜆𝑖) × 𝜀𝐵 (𝜆𝑖) + Φ𝐴→𝐵(𝜆𝑖) × 𝜀𝐴 (𝜆𝑖)) × 𝑃(𝜆𝑖)]
𝜆𝑓
𝜆𝑖
)   





   
        Eq.A2.16 




𝑑𝐶𝐴 (𝑡) = 𝛼𝐴𝐵(𝜆) × 𝜌2 × 𝑑𝑡                  Eq.A2.17 
 





× 𝐶𝐴 (0) × (𝑙𝜆𝑖𝑟𝑟 × ∑ [Φ𝐵→𝐴(𝜆𝑖) × 𝜀𝐵 (𝜆𝑖) × 𝑃(𝜆𝑖)]
𝜆𝑓
𝜆𝑖
)                  Eq.A2.18 
𝜌2 = −(𝑙𝜆𝑖𝑟𝑟 × ∑ [(𝛷𝐵→𝐴(𝜆𝑖) × 𝜀𝐵 (𝜆𝑖) + 𝛷𝐴→𝐵(𝜆𝑖) × 𝜀𝐴 (𝜆𝑖)) × 𝑃(𝜆𝑖)]
𝜆𝑓
𝜆𝑖
)   Eq.A2.19 
 
The closed-form integration leads to the following integrated rate-law   
 
(𝐶𝐴 (𝑡) − 𝐶𝐴 (0)) + 𝜌3 𝑙𝑛
𝐶𝐴 (𝑡)+𝜌1
𝐶𝐴 (0)+𝜌1
= −𝑘𝜂𝑡             Eq.A2.20 
or 
𝜂(𝑡) = − 𝑘𝜂 × 𝑡                  Eq.A2.21 
With  
𝜌3 = 𝛽𝐴𝐵(𝜆) − 𝜌1                  Eq.A2.22 
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And 𝑘𝜂 has the expression 
 
𝑘𝜂 = −𝛼𝐴𝐵(𝜆) × 𝜌2
=
𝑙𝜆𝑖𝑟𝑟 × ∑ [([𝛷𝐵→𝐴(𝜆𝑖) × 𝜀𝐵 (𝜆𝑖) + 𝛷𝐴→𝐵(𝜆𝑖) × 𝜀𝐴 (𝜆𝑖)]) × 𝑃(𝜆𝑖)]
𝜆𝑓
𝜆𝑖
𝑙𝜆𝑖𝑟𝑟 × ∑ [𝜀𝐴 (𝜆𝑖) − 𝜀𝐵 (𝜆𝑖)]
𝜆𝑓
𝜆𝑖
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Simulation study  
3. -order kinetic model for AB(𝟏𝚽)𝜺𝑩=𝟎system  
Table II-1. Example sets of data used to generate unimolecular photokinetic traces and 


















1 2.50 225980 2 0.31 2.50 0.0081 0.0081 
2 0.851 601543 2 0.23 1.5 0.0096 0.0096 
3 4.32 118970 2 0.78 2.00 0.0085 0.0085 
4 9.14 65650 2 0.48 5.5 0.0079 0.0079 
5 3.65 151230 2 0.15 7 0.0073 0.0073 
6 24.0 24560 2 0.062 150 0.011 0.011 
7 3.25 180100 0.5 0.041 80 0.0068 0.0068 
8 0.851 601543 2 0.23 3.5 0.0223 0.0223 
9 18.9 31520 3 0.023 200 0.01 0.01 
10 4.15 136504 3 0.072 25 0.0169 0.0169 








7 12 8.51 66500 
 
2 0.4 6 0.00771 0.00771 
13 4.51 128950 2 0.154 8 0.00732 0.00732 
14 7.45 78450 2 0.45 5 0.00813 0.00813 
15 6.15 95320 2 0.58 3 0.00764 0.00764 
16 5.25 110620 2 0.36 4 0.00734 0.00734 
17 4.25 138960 2 0.45 3 0.00864 0.00864 
18 3.25 182350 2 0.68 2 0.0114 0.0114 
19 6.50 89560 2 0.45 4 0.00742 0.00742 
20 9.86 55890 2 0.23 2 0.0118 0.0118 
21 9.51 62350 2 0.45 6 0.00775 0.00775 
22 7.45 80350 2 0.78 3 0.00866 0.00866 
23 5.68 103560 2 0.89 20 0.0849 0.0849 
24 7.48 78950 2 0.45 4.8 0.00785 0.00785 
25 9.82 55620 2 0.74 4 0.00758 0.00758 
26 1.24 482300 2 0.31 1 0.00689 0.00689 
27 7.48 75800 2 0.36 6 0.00754 0.00754 
28 1.56 378400 2 0.64 0.7 0.00781 0.00781 
29 1.56 35600 2 0.73 0.6 0.00718 0.00718 
30 2.13 278400 2 0.081 7 0.00727 0.00727 
31 23.5 21543 2 0.023 400 0.00913 0.00913 
32 31.4 15986 2 0.038 300 0.00839 0.00839 
33 45.7 10235 2 0.084 200 0.00792 0.00792 
34 62.5 9545 2 0.047 400 0.00826 0.00826 
35 51.5 10235 2 0.062 300 0.00877 0.00877 
36 78.4 7648 2 0.071 400 0.010 0.010 
37 81.4 7215 2 0.041 600 0.00814 0.00814 
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38 95.6 6210 2 0.064 500 0.00915 0.00915 
39 42.3 14023 2 0.022 600 0.00852 0.00852 
40 61.2 9623 2 0.052 350 0.00807 0.00807 
41 63.2 9456 2 0.045 450 0.00882 0.00882 
42 74.5 8014 2 0.078 300 0.00864 0.00864 
43 10.1 58960 2 0.022 150 
 
0.00896 0.00896 
44 33.6 16895 2 0.051 200 0.00794 0.00794 
45 90.1 6586 2 0.072 400 0.00873 0.00873 
46 71.4 8325 2 0.033 700 0.00886 0.00886 
47 66 9068 2 0.055 400 0.00919 0.00919 
48 59 10120 2 0.041 500 0.00955 0.00955 
49 47.8 12330 2 0.061 300 0.0104 0.0104 
50 91.2 6012 2 0.021 1500 0.00872 0.00872 
51 83.2 7124 2 0.056 500 0.00919 0.00919 
52 77 7710 2 0.032 750 0.00852 0.00852 
53 30.1 19850 2 0.051 200 0.00932 0.00932 
54 5.94 98560 1 0.29 15 0.00987 0.00987 
55 7.45 80530 1 0.87 5 0.00807 0.00807 
56 4.87 112560 1 0.61 5 0.0079 0.0079 
57 4.21 124500 1 0.321 7.8 0.00718 0.00718 
58 3.25 184500 1 0.621 3 0.00791 0.00791 
59 1.45 412500 1 0.52 1.5 0.00741 0.00741 
60 2.31 235600 1 0.45 3 0.00732 0.00732 
61 2.89 201500 1 0.61 2.5 0.00708 0.00708 
62 1.25 452300 1 0.71 0.9 0.00665 0.00665 
63 3.48 16500 1 0.52 4 0.00794 0.00794 
64 4.51 125620 1 0.042 60 0.00729 0.00729 
65 8.95 65230 1 0.032 150 0.00721 0.00721 
66 4.44 125860 1 0.052 50 0.00753 0.00753 
67 7.77 74520 1 0.056 80 0.00769 0.00769 
68 8.88 65890 1 0.064 75 0.00728 0.00728 
69 6.66 89560 0.5 0.62 15 0.00959 0.00959 
70 5.62 98560 0.5 0.47 15 0.008 0.008 
71 7.15 75620 0.5 0.31 30 0.0081 0.0081 
72 3.45 145230 0.5 0.61 6.8 0.00694 0.00694 
73 5.26 95630 0.5 0.54 15 0.00892 0.00892 
74 6.25 92030 0.5 0.68 9.8 0.00706 0.00706 
75 9.56 56210 0.5 0.29 40 0.00751 0.00751 
76 7.46 80120 0.5 0.036 250 0.00830 0.00830 
77 6.85 85200 0.5 0.045 200 0.00883 0.00883 
78 8.56 70150 0.5 0.074 150 0.00896 0.00896 
79 6.24 85620 0.5 0.042 200 0.00828 0.00828 
80 4.15 142300 0.5 0.052 85 0.00724 0.00724 
81 4.12 123500 0.5 0.071 70 0.00707 0.00707 
82 1.2 490200 0.5 0.032 38 0.00686 0.00686 
83 2.3 256200 0.5 0.051 45 0.00677 0.00677 
84 22.4 25621 3 0.32 15 0.0085 0.0085 
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85 64.2 9325 3 0.51 28 0.0092 0.0092 
86 74.8 7941 3 0.23 68 0.00858 0.00858 
87 48.7 11451 3 0.81 15 0.00961 0.00961 
88 7.95 74510 3 0.44 3.5 0.00793 0.00793 
89 3.2 184500 3 0.41 1.5 0.00784 0.00784 
90 2.14 275600 3 0.32 1.5 0.00914 0.00914 
91 1.14 512000 3 0.71 0.3 0.00753 0.00753 
92 1.36 420100 3 0.51 0.5 0.0074 0.0074 
93 20.1 28840 3 0.045 90 0.00807 0.00807 
94 23.6 25220 3 0.044 150 0.0115 0.0115 
95 2.87 201200 3 0.061 9 0.00763 0.00763 
96 3.01 198502 3 0.031 20 0.0085 0.0085 
97 4.15 136504 3 0.072 15 0.0102 0.0102 
98 3.50 165209 3 0.023 30 0.00787 0.00787 
99 3.8 154210 3 0.061 15 0.00975 0.00975 
100 1.59 374120 3 0.052 5.5 0.00739 0.00739 
      * where lobs is 1 cm.
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4. -order kinetic model for AB(𝟏𝚽)𝜺𝑩≠𝟎  and AB(𝟐𝚽) systems 



































1 1684678.98 758105.54 2.22 2 45.73 0.0019 1.04 926573.44 1.04 -0.61 
2 827826.45 372521.90 2.22 2 18.89 0.00012 0.04 455304.55 0.04 -0.051 
3 1012855.50 743938.39 1.36 2 69.98 0.0005 0.96 268917.1 0.96 -0.94 
4 1692277.54 2290528.68 0.74 2 91.48 0.0005 2.21 -598251.13 2.21 -1.30 
5 1329572.21 1434053.79 0.93 2 74.59 0.00196 4.89 -104481.59 4.89 -3.67 
6 1343694.32 417261.63 3.22 2 20.10 0.0162 11.04 926432.69 11.04 -8.13 
7 673050.02 727065.49 0.93 2 18.49 0.0162 4.94 -54015.47 4.94 -7.10 
8 658414.37 727065.49 0.91 2 8.44 0.392 4.16 -68651.12 4.16 -6.10 
9 880339.54 798558.57 1.10 2 21.01 0.0161 3.63 81780.97 3.63 -4.00 
10 932108.35 335035.46 2.78 2 5.71 0.0167 2.22 597072.89 2.22 -2.36 
11 795819.61 798558.57 0.99 2 48.64 0.0090 8.65 -2738.96 8.65 -10.80 
12 1070863.36 930534.27 1.15 2 53.44 0.0079 9.45 140329.08 9.45 -8.80 
13 1079447.47 291978.29 3.69 2 58.16 0.0078 7.13 787469.18 7.13 -6.60 
14 1079447.28 1509972.65 0.715 2 102.36 0.0078 10.25 -430525.37 10.25 -9.50 
15 1241520.37 571941.89 2.17 2 27.70 0.0084 5.91 669578.48 5.91 -4.76 
16 1578375.59 1141445.57 1.38 2 20.48 0.0083 7.96 436930.02 7.96 -5.03 
17 1409815.78 1013813.01 1.39 2 22.23 0.0083 6.49 396002.76 6.49 -4.61 
18 1335639.17 1013813.01 1.32 2 19.16 0.018 11.70 321826.16 11.70 -8.76 
19 589188.65 464362.32 1.27 2 10.86 0.018 2.90 124826.33 2.90 -4.93 
20 740465.81 467124.60 1.56 2 10.82 0.008 1.54 273341.21 1.54 -2.08 
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21 998674.77 940878.83 1.06 2 10.86 0.047 12.61 57795.94 12.61 -12.50 
22 868338.64 258743.11 3.36 2 73.54 0.0002 0.19 609595.54 0.19 -0.22 
23 705182.11 809532.59 0.87 2 60.36 0.0005 0.58 -104350.46 0.58 -0.82 
24 984038.49 1701212.77 0.58 2 77.39 0.0017 3.24 -717174.26 3.24 -3.30 
25 10075018.39 17009730.94 0.59 2 108.58 0.0002 5.27 -6934712.55 5.27 -0.52 
26 1079447.47 291978.29 3.69 2.3 58.16 0.0078 7.13 787469.18 7.13 -6.60 
27 1335639.17 1013813.01 1.32 2.7 19.16 0.018 11.70 321826.16 11.70 -8.76 
28 795819.61 798558.57 0.99 3.1 48.64 0.0090 8.65 -2738.96 8.65 -10.80 
29 998674.77 940878.83 1.06 2.5 10.86 0.047 12.61 57795.94 12.61 -12.60 
30 1012855.50 743938.39 1.36 3 69.98 0.0005 0.96 268917.1 0.96 -0.93 
* where lobs is 1 cm. 
 



























































































































































































































































































Figure II- 2: appliedorder on the photokinetic traces of simulated date under polychromatic light, 
circle corresponding to experimental data and line corresponding to the fitting traces using Eq.6-4.  
Table II-3. 𝑘𝜂, 𝑚𝑜𝑑. and 𝑘𝜂, 𝑐𝑙𝑑.



























Case 1* Case 10* Case 19* 
0.5 1.04 1.04 0.621 2.22 2.22 0.511 2.90 2.90 
0.05 1.04 1.04 0.0685 2.22 2.22 0.0545 2.90 2.90 
0.005 1.04 1.04 0.00412 2.22 2.22 0.00541 2.90 2.90 
2 1.04 1.04 1.45 2.22 2.22 1.22 2.90 2.90 
0.212 1.04 1.04 0.305 2.22 2.22 0.45 2.90 2.90 
0.0322 1.04 1.04 0.0412 2.22 2.22 0.0415 2.90 2.90 
0.007 1.04 1.04 0.00689 2.22 2.22 0.00814 2.90 2.90 
0.71 1.04 1.04 0.856 2.22 2.22 0.855 2.90 2.90 
0.0831 1.04 1.04 0.0912 2.22 2.22 0.0944 2.90 2.90 
Case 2* Case 11* Case 20* 
0.5 0.04 0.04 0.745 8.65 8.65 0.585 1.54 1.54 
0.05 0.04 0.04 0.0721 8.65 8.65 0.0577 1.54 1.54 
0.005 0.04 0.04 0.00712 8.65 8.65 0.00556 1.54 1.54 
0.21 0.04 0.04 1.12 8.65 8.65 1.1 1.54 1.54 
0.005 0.04 0.04 0.258 8.65 8.65 0.405 1.54 1.54 
0.0322 0.04 0.04 0.0314 8.65 8.65 0.0463 1.54 1.54 
0.007 0.04 0.04 0.00945 8.65 8.65 0.00811 1.54 1.54 
0.684 0.04 0.04 0.814 8.65 8.65 0.822 1.54 1.54 
0.0831 0.04 0.04 0.0955 8.65 8.65 0.0901 1.54 1.54 
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0.412 0.96 0.96 0.865 9.45 9.45 0.511 12.60 12.60 
0.0652 0.96 0.96 0.0548 9.45 9.45 0.0501 12.60 12.60 
0.00845 0.96 0.96 0.00451 9.45 9.45 0.0057 12.60 12.60 
1.12 0.96 0.96 1.47 9.45 9.45 1.05 12.60 12.60 
0.658 0.96 0.96 0.213 9.45 9.45 0.422 12.60 12.60 
0.0145 0.96 0.96 0.0579 9.45 9.45 0.0432 12.60 12.60 
0.00445 0.96 0.96 0.00881 9.45 9.45 0.00874 12.60 12.60 
0.914 0.96 0.96 0.715 9.45 9.45 0.835 12.60 12.60 
0.0784 0.96 0.96 0.0844 9.45 9.45 0.091 12.60 12.60 
Case 4* Case 13* Case 22* 
0.745 2.21 2.21 0.547 7.13 7.13 0.574 0.19 0.19 
0.0812 2.21 2.21 0.0743 7.13 7.13 0.0585 0.19 0.19 
0.00923 2.21 2.21 0.00915 7.13 7.13 0.00547 0.19 0.19 
1.45 2.21 2.21 0.988 7.13 7.13 1.19 0.19 0.19 
0.312 2.21 2.21 0.219 7.13 7.13 0.419 0.19 0.19 
0.0415 2.21 2.21 0.0397 7.13 7.13 0.0462 0.19 0.19 
0.00526 2.21 2.21 0.00714 7.13 7.13 0.00848 0.19 0.19 
0.813 2.21 2.21 0.812 7.13 7.13 0.801 0.19 0.19 
0.0632 2.21 2.21 0.0847 7.13 7.13 0.0926 0.19 0.19 
Case 5* Case 14* Case 23* 
0.512 4.89 4.89 0.635 10.25 10.25 0.515 0.58 0.58 
0.0321 4.89 4.89 0.0678 10.25 10.25 0.0552 0.58 0.58 
0.00624 4.89 4.89 0.00624 10.25 10.25 0.00562 0.58 0.58 
3.47 4.89 4.89 1.14 10.25 10.25 1.25 0.58 0.58 
0.189 4.89 4.89 0.325 10.25 10.25 0.425 0.58 0.58 
0.0458 4.89 4.89 0.0487 10.25 10.25 0.0444 0.58 0.58 
0.00861 4.89 4.89 0.00974 10.25 10.25 0.00856 0.58 0.58 
0.871 4.89 4.89 0.874 10.25 10.25 0.82 0.58 0.58 
0.0743 4.89 4.89 0.0954 10.25 10.25 0.0901 0.58 0.58 
Case 6* Case 15* Case 24* 
0.417 11.04 11.04 0.641 5.91 5.91 0.585 3.24 3.24 
0.0325 11.04 11.04 0.0652 5.91 5.91 0.0552 3.24 3.24 
0.00742 11.04 11.04 0.00741 5.91 5.91 0.00562 3.24 3.24 
1.45 11.04 11.04 1.01 5.91 5.91 1.24 3.24 3.24 
0.235 11.04 11.04 0.385 5.91 5.91 0.441 3.24 3.24 
0.0412 11.04 11.04 0.0484 5.91 5.91 0.0449 3.24 3.24 
0.00526 11.04 11.04 0.00956 5.91 5.91 0.00854 3.24 3.24 
0.845 11.04 11.04 0.878 5.91 5.91 0.822 3.24 3.24 
0.0941 11.04 11.04 0.0903 5.91 5.91 0.0952 3.24 3.24 
Case 7* Case 16* Case 25* 
0.00621 4.94 4.94 0.589 7.96 7.96 0.519 5.27 5.27 
0.00812 4.94 4.94 0.0547 7.96 7.96 0.0525 5.27 5.27 
0.0214 4.94 4.94 0.00574 7.96 7.96 0.00535 5.27 5.27 
0.0526 4.94 4.94 1.35 7.96 7.96 1.02 5.27 5.27 
0.0784 4.94 4.94 0.401 7.96 7.96 0.411 5.27 5.27 
0.341 4.94 4.94 0.0452 7.96 7.96 0.0432 5.27 5.27 
0.451 4.94 4.94 0.00889 7.96 7.96 0.00878 5.27 5.27 
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0.91 4.94 4.94 0.814 7.96 7.96 0.825 5.27 5.27 
2.22 4.94 4.94 0.0932 7.96 7.96 0.0923 5.27 5.27 
Case 8* Case 17* Case 26* 
0.487 4.16 4.16 0.521 6.49 6.49 0.547 7.13 7.13 
0.0625 4.16 4.16 0.0541 6.49 6.49 0.0743 7.13 7.13 
0.00514 4.16 4.16 0.00595 6.49 6.49 0.00915 7.13 7.13 
3.14 4.16 4.16 1.11 6.49 6.49 0.988 7.13 7.13 
0.121 4.16 4.16 0.425 6.49 6.49 0.219 7.13 7.13 
0.0233 4.16 4.16 0.0441 6.49 6.49 0.0397 7.13 7.13 
0.00745 4.16 4.16 0.00871 6.49 6.49 0.00714 7.13 7.13 
0.812 4.16 4.16 0.885 6.49 6.49 0.812 7.13 7.13 
0.0854 4.16 4.16 0.0832 6.49 6.49 0.0847 7.13 7.13 
Case 9* Case 18* Case 27* 
0.478 3.63 3.63 0.545 11.70 11.70 0.545 11.70 11.70 
0.0601 3.63 3.63 0.0514 11.70 11.70 0.0514 11.70 11.70 
0.00524 3.63 3.63 0.00525 11.70 11.70 0.00525 11.70 11.70 
2.58 3.63 3.63 1.24 11.70 11.70 1.24 11.70 11.70 
0.354 3.63 3.63 0.412 11.70 11.70 0.412 11.70 11.70 
0.0212 3.63 3.63 0.0489 11.70 11.70 0.0489 11.70 11.70 
0.00981 3.63 3.63 0.00813 11.70 11.70 0.00813 11.70 11.70 
0.745 3.63 3.63 0.822 11.70 11.70 0.822 11.70 11.70 
0.0901 3.63 3.63 0.0902 11.70 11.70 0.0902 11.70 11.70 















































252 | P a g e  
 
 
Figure II- 3: a,b. Concentration (𝑪𝐴(0)) independent 𝑘𝜂, 𝑚𝑜𝑑. and 𝑘𝜂, 𝑐𝑙𝑑.
(E.q.6-10) using date in table II-2. 
 
Table II-4. 𝜐0,𝑚𝑜𝑑. and 𝜐0,𝑐𝑙𝑑. 

































Case 1* Case 10* Case 19* 
0.5 0.62 0.61 0.621 2.38 2.36 0.511 4.93 4.94 
0.05 0.62 0.61 0.0685 2.38 2.35 0.0545 4.93 4.93 
0.005 0.62 0.61 0.00412 2.38 2.35 0.00541 4.93 4.93 
2 0.62 0.61 1.45 2.38 2.35 1.22 4.93 4.92 
0.212 0.62 0.61 0.305 2.38 2.35 0.45 4.93 4.92 
0.0322 0.62 0.61 0.0412 2.38 2.35 0.0415 4.93 4.92 
0.007 0.62 0.61 0.00689 2.38 2.35 0.00814 4.93 4.93 
0.71 0.62 0.61 0.856 2.38 2.36 0.855 4.93 4.93 
0.0831 0.62 0.61 0.0912 2.38 2.36 0.0944 4.93 4.93 
Case 2* Case 11* Case 20* 
0.5 0.052 0.051 0.745 10.87 10.80 0.585 2.08 2.08 
0.05 0.052 0.051 0.0721 10.87 10.70 0.0577 2.08 2.08 
0.005 0.052 0.051 0.00712 10.87 10.55 0.00556 2.08 2.08 
0.21 0.052 0.051 1.12 10.87 10.57 1.1 2.08 2.08 
0.005 0.052 0.051 0.258 10.87 10.50 0.405 2.08 2.08 
0.0322 0.052 0.051 0.0314 10.87 10.50 0.0463 2.08 2.08 
0.007 0.052 0.051 0.00945 10.87 10.63 0.00811 2.08 2.08 













































253 | P a g e  
 
0.0831 0.052 0.051 0.0955 10.87 10.75 0.0901 2.08 2.08 
Case 3* Case 12* Case 21* 
0.412 0.95 0.94 0.865 8.82 8.80 0.511 12.60 12.50 
0.0652 0.95 0.94 0.0548 8.82 8.80 0.0501 12.60 12.50 
0.00845 0.95 0.94 0.00451 8.82 8.81 0.0057 12.60 12.50 
1.12 0.95 0.94 1.47 8.82 8.81 1.05 12.60 12.50 
0.658 0.95 0.94 0.213 8.82 8.77 0.422 12.60 12.50 
0.0145 0.95 0.94 0.0579 8.82 8.80 0.0432 12.60 12.50 
0.00445 0.95 0.94 0.00881 8.82 8.80 0.00874 12.60 12.50 
0.914 0.95 0.94 0.715 8.82 8.80 0.835 12.60 12.50 
0.0784 0.95 0.94 0.0844 8.82 8.80 0.091 12.60 12.50 
Case 4* Case 13* Case 22* 
0.745 1.31 1.30 0.547 6.61 6.60 0.574 0.22 0.22 
0.0812 1.31 1.30 0.0743 6.61 6.60 0.0585 0.22 0.22 
0.00923 1.31 1.30 0.00915 6.61 6.60 0.00547 0.22 0.22 
1.45 1.31 1.30 0.988 6.61 6.61 1.19 0.22 0.22 
0.312 1.31 1.30 0.219 6.61 6.60 0.419 0.22 0.22 
0.0415 1.31 1.30 0.0397 6.61 6.60 0.0462 0.22 0.22 
0.00526 1.31 1.30 0.00714 6.61 6.60 0.00848 0.22 0.22 
0.813 1.31 1.30 0.812 6.61 6.60 0.801 0.22 0.22 
0.0632 1.31 1.30 0.0847 6.61 6.60 0.0926 0.22 0.22 
Case 5* Case 14* Case 23* 
0.512 3.68 3.67 0.635 9.50 9.50 0.515 0.82 0.82 
0.0321 3.68 3.67 0.0678 9.50 9.50 0.0552 0.82 0.82 
0.00624 3.68 3.67 0.00624 9.50 9.50 0.00562 0.82 0.82 
3.47 3.68 3.67 1.14 9.50 9.50 1.25 0.82 0.82 
0.189 3.68 3.67 0.325 9.50 9.54 0.425 0.82 0.82 
0.0458 3.68 3.67 0.0487 9.50 9.54 0.0444 0.82 0.82 
0.00861 3.68 3.67 0.00974 9.50 9.50 0.00856 0.82 0.82 
0.871 3.68 3.67 0.874 9.50 9.50 0.82 0.82 0.82 
0.0743 3.68 3.67 0.0954 9.50 9.54 0.0901 0.82 0.82 
Case 6* Case 15* Case 24* 
0.417 8.21 8.13 0.641 4.76 4.76 0.585 3.30 3.30 
0.0325 8.21 8.04 0.0652 4.76 4.77 0.0552 3.30 3.30 
0.00742 8.21 8.07 0.00741 4.76 4.76 0.00562 3.30 3.30 
1.45 8.21 8.10 1.01 4.76 4.76 1.24 3.30 3.30 
0.235 8.21 8.07 0.385 4.76 4.76 0.441 3.30 3.30 
0.0412 8.21 8.08 0.0484 4.76 4.65 0.0449 3.30 3.30 
0.00526 8.21 8.08 0.00956 4.76 4.76 0.00854 3.30 3.30 
0.845 8.21 8.14 0.878 4.76 4.76 0.822 3.30 3.30 
0.0941 8.21 8.16 0.0903 4.76 4.77 0.0952 3.30 3.30 
Case 7* Case 16* Case 25* 
0.00621 7.34 7.05 0.589 5.04 5.03 0.519 0.52 0.52 
0.00812 7.34 7.10 0.0547 5.04 5.03 0.0525 0.52 0.52 
0.0214 7.34 7.08 0.00574 5.04 5.04 0.00535 0.52 0.52 
0.0526 7.34 7.10 1.35 5.04 5.04 1.02 0.52 0.52 
0.0784 7.34 7.06 0.401 5.04 5.04 0.411 0.52 0.52 
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0.341 7.34 7.01 0.0452 5.04 5.05 0.0432 0.52 0.52 
0.451 7.34 7.09 0.00889 5.04 5.04 0.00878 0.52 0.52 
0.91 7.34 7.075 0.814 5.04 5.04 0.825 0.52 0.52 
2.22 7.34 7.10 0.0932 5.04 5.04 0.0923 0.52 0.52 
Case 8* Case 17* Case 26* 
0.487 6.31 6.10 0.521 4.61 4.60 0.547 6.61 6.60 
0.0625 6.31 6.14 0.0541 4.61 4.60 0.0743 6.61 6.60 
0.00514 6.31 6.11 0.00595 4.61 4.60 0.00915 6.61 6.60 
3.14 6.31 6.05 1.11 4.61 4.60 0.988 6.61 6.61 
0.121 6.31 6.1 0.425 4.61 4.61 0.219 6.61 6.60 
0.0233 6.31 6.03 0.0441 4.61 4.61 0.0397 6.61 6.60 
0.00745 6.31 6.03 0.00871 4.61 4.61 0.00714 6.61 6.60 
0.812 6.31 6.05 0.885 4.61 4.61 0.812 6.61 6.60 
0.0854 6.31 6.06 0.0832 4.61 4.61 0.0847 6.61 6.60 
Case 9* Case 18* Case 27* 
0.478 4.12 4.00 0.545 8.76 8.75 0.545 8.76 8.75 
0.0601 4.12 4.00 0.0514 8.76 8.75 0.0514 8.76 8.75 
0.00524 4.12 4.00 0.00525 8.76 8.74 0.00525 8.76 8.74 
2.58 4.12 4.00 1.24 8.76 8.76 1.24 8.76 8.76 
0.354 4.12 4.00 0.412 8.76 8.75 0.412 8.76 8.75 
0.0212 4.12 4.00 0.0489 8.76 8.77 0.0489 8.76 8.77 
0.00981 4.12 4.00 0.00813 8.76 8.77 0.00813 8.76 8.77 
0.745 4.12 4.04 0.822 8.76 8.76 0.822 8.76 8.76 
0.0901 4.12 4.00 0.0902 8.76 8.75 0.0902 8.76 8.75 

















































255 | P a g e  
 
 
Figure II- 4: a,b. Concentration (𝑪𝑨(0)) independent 𝜐0,𝑚𝑜𝑑. and 𝜐0,𝑐𝑙𝑑. 
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Figure II- 6: Linear correlation between 𝜐0,𝑚𝑜𝑑. and 𝜐0,𝑐𝑙𝑑. for all different cases in table II-2. 
  



































(-) Initial velocity (n0, cld.) x 10
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× 𝜺𝑨 × 𝑷) 
∑(𝚽𝑩𝑨
× 𝜺𝑩 × 𝑷) 
(∑  𝜺𝑨 − ∑  𝜺𝑩)  
/ M-1cm-1 
1 1684678.98 758105.54 2.22 2 0.0019 1.04 0.65 926573.44 
2 827826.45 372521.90 2.22 2 0.00012 0.04 0.02 455304.55 
3 1012855.50 743938.39 1.36 2 0.0005 0.96 0.21 268917.1 
4 1692277.54 2290528.68 0.74 2 0.0005 2.21 0.53 -598251.13 
5 1329572.21 1434053.79 0.93 2 0.00196 4.89 0.76 -104481.59 
6 1343694.32 417261.63 3.22 2 0.0162 11.04 1.81 926432.69 
7 673050.02 727065.49 0.93 2 0.0162 4.94 20.51 -54015.47 
8 658414.37 727065.49 0.91 2 0.392 4.16 94.71 -68651.12 
9 880339.54 798558.57 1.10 2 0.0161 3.63 24.74 81780.97 
10 932108.35 335035.46 2.78 2 0.0167 2.22 14.69 597072.89 
11 795819.61 798558.57 0.99 2 0.0090 8.65 11.86 -2738.96 
12 1070863.36 930534.27 1.15 2 0.0079 9.45 3.43 140329.08 
13 1079447.47 291978.29 3.69 2 0.0078 7.13 2.77 787469.18 
14 1079447.28 1509972.65 0.715 2 0.0078 10.25 3.21 -430525.37 
15 1241520.37 571941.89 2.17 2 0.0084 5.91 10.05 669578.48 
16 1578375.59 1141445.57 1.38 2 0.0083 7.96 5.542 436930.02 
17 1409815.78 1013813.01 1.39 2 0.0083 6.49 12.07 396002.76 
18 1335639.17 1013813.01 1.32 2 0.018 11.70 12.48 321826.16 
19 589188.65 464362.32 1.27 2 0.018 2.90 6.90 124826.33 
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20 740465.81 467124.60 1.56 1 2 0.008 1.54 4.36 273341.21 
21 998674.77 940878.83 1.06 1 2.3 0.047 12.61 6.42 57795.94 
22 868338.64 258743.11 3.36 1 2.7 0.0002 0.19 0.03 609595.54 
23 705182.11 809532.59 0.87 1 3.1 0.0005 0.58 0.01 -104350.46 
24 984038.49 1701212.77 0.58 1 2.5 0.0017 3.24 1.32 -717174.26 
25 10075018.39 17009730.94 0.59 1 3 0.0002 5.27 1.85 -6934712.55 
 * where lobs is 1 cm. 
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Table II-6. 𝑘𝜂, 𝑚𝑜𝑑. and 𝑘𝜂, 𝑐𝑙𝑑.



























Case 1* Case 10* Case 19* 
5.1 0.18 0.18 5.23 2.83 2.83 5.25 7.86 7.86 
0.625 0.18 0.18 0.501 2.83 2.83 0.523 7.86 7.86 
0.0525 0.18 0.18 0.0541 2.83 2.83 0.0532 7.86 7.86 
0.874 0.18 0.18 3.45 2.83 2.83 3.45 7.86 7.86 
0.0725 0.18 0.18 0.311 2.83 2.83 0.352 7.86 7.86 
8.25 0.18 0.18 0.0624 2.83 2.83 0.0625 7.86 7.86 
0.354 0.18 0.18 7.96 2.83 2.83 8.01 7.86 7.86 
0.0545 0.18 0.18 0.815 2.83 2.83 0.81 7.86 7.86 
1.21 0.18 0.18 0.0907 2.83 2.83 0.0901 7.86 7.86 
0.1535 0.18 0.18 0.1535 2.83 2.83 0.1535 7.86 7.86 
0.1014 0.18 0.18 0.1014 2.83 2.83 0.1014 7.86 7.86 
Case 2* Case 11* Case 20* 
5.41 0.01 0.01 5.55 -749 -749 5 2.16 2.16 
0.422 0.01 0.01 0.512 -749 -749 0.501 2.16 2.16 
0.0541 0.01 0.01 0.0512 -749 -749 0.0514 2.16 2.16 
2.32 0.01 0.01 3.05 -749 -749 3.2 2.16 2.16 
0.352 0.01 0.01 0.245 -749 -749 0.302 2.16 2.16 
0.0756 0.01 0.01 0.0625 -749 -749 0.0601 2.16 2.16 
8.52 0.01 0.01 7.52 -749 -749 8.01 2.16 2.16 
0.954 0.01 0.01 0.701 -749 -749 0.805 2.16 2.16 
0.0874 0.01 0.01 0.0922 -749 -749 0.0874 2.16 2.16 
0.1535 0.01 0.01 0.1535 -749 -749 0.1535 2.16 2.16 
0.1014 0.01 0.01 0.1014 -749 -749 0.1014 2.16 2.16 
Case 3* Case 12* Case 21* 
5.21 0.43 0.43 5.25 9.17 9.17 5.52 32.91 32.91 
0.463 0.43 0.43 0.515 9.17 9.17 0.523 32.91 32.91 
0.0562 0.43 0.43 0.0544 9.17 9.17 0.0521 32.91 32.91 
1.98 0.43 0.43 2.05 9.17 9.17 3.52 32.91 32.91 
0.301 0.43 0.43 0.314 9.17 9.17 0.285 32.91 32.91 
0.066 0.43 0.43 0.0625 9.17 9.17 0.0624 32.91 32.91 
8.74 0.43 0.43 7.14 9.17 9.17 7.84 32.91 32.91 
0.845 0.43 0.43 0.801 9.17 9.17 0.774 32.91 32.91 
0.0952 0.43 0.43 0.0901 9.17 9.17 0.0856 32.91 32.91 
0.1535 0.43 0.43 0.1535 9.17 9.17 0.1535 32.91 32.91 
0.1014 0.43 0.43 0.1014 9.17 9.17 0.1014 32.91 32.91 
Case 4* Case 13* Case 22* 
5.01 -0.46 -0.46 5.74 1.26 1.26 5.32 0.04 0.04 
0.42 -0.46 -0.46 0.525 1.26 1.26 0.523 0.04 0.04 
0.0512 -0.46 -0.46 0.0545 1.26 1.26 0.0514 0.04 0.04 
2.41 -0.46 -0.46 3.25 1.26 1.26 2.23 0.04 0.04 
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0.3 -0.46 -0.46 0.351 1.26 1.26 0.301 0.04 0.04 
0.0612 -0.46 -0.46 0.0624 1.26 1.26 0.0602 0.04 0.04 
8.65 -0.46 -0.46 8.04 1.26 1.26 7.85 0.04 0.04 
0.841 -0.46 -0.46 0.814 1.26 1.26 0.745 0.04 0.04 
0.0952 -0.46 -0.46 0.0952 1.26 1.26 0.0874 0.04 0.04 
0.1535 -0.46 -0.46 0.1535 1.26 1.26 0.1535 0.04 0.04 
0.1014 -0.46 -0.46 0.1014 1.26 1.26 0.1014 0.04 0.04 
Case 5* Case 14* Case 23* 
5.3 -5.41 -5.41 5.52 -3.13 -3.13 5.23 -0.57 -0.57 
0.399 -5.41 -5.41 0.521 -3.13 -3.13 0.525 -0.57 -0.57 
0.0558 -5.41 -5.41 0.0523 -3.13 -3.13 0.0521 -0.57 -0.57 
3.25 -5.41 -5.41 3.45 -3.13 -3.13 3.21 -0.57 -0.57 
0.256 -5.41 -5.41 0.315 -3.13 -3.13 0.325 -0.57 -0.57 
0.0362 -5.41 -5.41 0.0614 -3.13 -3.13 0.0632 -0.57 -0.57 
7.8 -5.41 -5.41 7.84 -3.13 -3.13 7.45 -0.57 -0.57 
0.841 -5.41 -5.41 0.784 -3.13 -3.13 0.745 -0.57 -0.57 
0.0745 -5.41 -5.41 0.0901 -3.13 -3.13 0.0901 -0.57 -0.57 
0.1535 -5.41 -5.41 0.1535 -3.13 -3.13 0.1535 -0.57 -0.57 
0.1014 -5.41 -5.41 0.1014 -3.13 -3.13 0.1014 -0.57 -0.57 
Case 6* Case 15* Case 24* 
5.85 1.39 1.39 5.41 2.38 2.38 5.62 -0.64 -0.64 
0.423 1.39 1.39 0.512 2.38 2.38 0.541 -0.64 -0.64 
0.0451 1.39 1.39 0.0541 2.38 2.38 0.0542 -0.64 -0.64 
2.01 1.39 1.39 2.25 2.38 2.38 2.86 -0.64 -0.64 
0.223 1.39 1.39 0.336 2.38 2.38 0.301 -0.64 -0.64 
0.066 1.39 1.39 0.0641 2.38 2.38 0.0625 -0.64 -0.64 
7.41 1.39 1.39 7.45 2.38 2.38 7.45 -0.64 -0.64 
0.841 1.39 1.39 0.785 2.38 2.38 0.732 -0.64 -0.64 
0.0912 1.39 1.39 0.0925 2.38 2.38 0.0865 -0.64 -0.64 
0.1535 1.39 1.39 0.1535 2.38 2.38 0.1535 -0.64 -0.64 
0.1014 1.39 1.39 0.1014 2.38 2.38 0.1014 -0.64 -0.64 
Case 7* Case 16* Case 25* 
5.23 -47.10 -47.10 5.22 3.09 3.09 5.32 -0.10 -0.10 
0.521 -47.10 -47.10 0.541 3.09 3.09 0.534 -0.10 -0.10 
0.0478 -47.10 -47.10 0.0541 3.09 3.09 0.0536 -0.10 -0.10 
3.56 -47.10 -47.10 2.23 3.09 3.09 3.25 -0.10 -0.10 
0.425 -47.10 -47.10 0.301 3.09 3.09 0.315 -0.10 -0.10 
0.0614 -47.10 -47.10 0.0621 3.09 3.09 0.0612 -0.10 -0.10 
8.52 -47.10 -47.10 8.01 3.09 3.09 7.41 -0.10 -0.10 
0.814 -47.10 -47.10 0.801 3.09 3.09 0.752 -0.10 -0.10 
0.077 -47.10 -47.10 0.0912 3.09 3.09 0.0912 -0.10 -0.10 
0.1535 -47.10 -47.10 0.1535 3.09 3.09 0.1535 -0.10 -0.10 
0.1014 -47.10 -47.10 0.1014 3.09 3.09 0.1014 -0.10 -0.10 
Case 8* Case 17* 
5.23 -144 -144 5.52 4.69 4.69 
0.403 -144 -144 0.523 4.69 4.69 
0.0454 -144 -144 0.0545 4.69 4.69 
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3.45 -144 -144 2.95 4.69 4.69 
0.235 -144 -144 0.314 4.69 4.69 
0.0614 -144 -144 0.062 4.69 4.69 
7.84 -144 -144 7.85 4.69 4.69 
0.789 -144 -144 0.741 4.69 4.69 
0.0847 -144 -144 0.0902 4.69 4.69 
0.1535 -144 -144 0.1535 4.69 4.69 
0.1014 -144 -144 0.1014 4.69 4.69 
Case 9* Case 18* 
6.21 34.69 34.69 5.14 7.51 7.51 
0.512 34.69 34.69 0.415 7.51 7.51 
0.0501 34.69 34.69 0.0554 7.51 7.51 
3.45 34.69 34.69 2.45 7.51 7.51 
0.341 34.69 34.69 0.325 7.51 7.51 
0.0614 34.69 34.69 0.0614 7.51 7.51 
7.54 34.69 34.69 8.14 7.51 7.51 
0.774 34.69 34.69 0.874 7.51 7.51 
0.0874 34.69 34.69 0.0947 7.51 7.51 
0.1535 34.69 34.69 0.1535 7.51 7.51 
0.1014 34.69 34.69 0.1014 7.51 7.51 
*using same set of data in table 1. 
 
 
Figure II- 8: Concentration (𝑪𝑨(0)) independent 𝑘𝜂, 𝑚𝑜𝑑. and 𝑘𝜂, 𝑐𝑙𝑑.as predicted by the model 
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Figure II- 10: Linear correlation between 𝜐0,𝑚𝑜𝑑. and 𝜐0,𝑐𝑙𝑑. for all different cases in table II-5. 
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Figure II- 11: Concentration (𝑪𝐴(0)) independent 𝜐0,𝑚𝑜𝑑. and 𝜐0,𝑐𝑙𝑑. as predicted by the model 
(E.q.6-13) using date in table II-5. 
 
 
5. Actinometry  
 
5.1. AB(𝟏𝚽)𝜺𝑩=𝟎  system actinometry study  
 
 
Figure II- 12: (a) Effect of increasing the radiant power of the polychromatic irradiation beam on the 
photokinetic traces of simulated date at range 400-600nm. The experimental data (circles) were 
fitted by Eq. 6-1. (b) Linear correlation of 𝑘𝐴⇌𝐵
𝑖𝑟𝑟  (in s-1) with ∑𝑃𝑖𝑟𝑟 (in einstein s
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5.2.  AB(𝟏𝚽)𝜺𝑩≠𝟎 and AB(𝟐𝚽) systems actinometry study  
 
 
Figure II- 13: Effect of increasing the radiant power of the polychromatic irradiation beam on the 
photokinetic traces of simulated date at range 200-400nm. The experimental data (circles) were 
fitted by Eq. 6-4.  
 
 
Figure II- 14:. Linear correlation of experimental (∑𝑃) and calculated (∑𝑃) values of the radiant 
















































































































































Result of the study C-DAE under 
polychromatic irradiation light and 
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Result of the study C-DAE under polychromatic irradiation light and fitting by using 
-order model 
 
1. Preparation the C-DAE from under irradiation O-DAE under UV light and photokinetic 
















Figure III- 1: 1,2,3,4,5,6 HPLC traces of C-DAE at different concentration (red line fitting by using 
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Figure III- 2: Linear relation between Overall rate-constant (𝑘) and -𝒗𝟎,𝒆𝒙𝒑 for both study 








































Result of study photodegradation of 
studies compounds under polychromatic 
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Result of study photodegradation of studies compounds under polychromatic 
irradiation light and applied -order model 
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Figure IV- 1: Evolution of the absorption spectra of t-STIL, PINO, RVT, ORVT, PTERO, AXI, O-DAE and 
DBZ (1.26×10-5 , 1.83×10-5 , 2.17×10-5 , 1.81×10-5 , 2.08×10-5 , 2.23×10-5, 1.36 x 105 and 5.41×10-
5  M) in ethanol, when subjected to a polychromatic steady irradiation (200-400 nm) using mix 
wavelength lamp (254/365 nm). Arrows indicate direction of evolution; vertical lines cross the spectra 


























































































































































































Figure IV- 2: Profiles of experimental 𝜀𝐴, 𝜀𝐵,  𝑃, 𝛷𝐴𝐵 and 𝛷𝐵𝐴 of studies compounds using mix 


































































































































































































































































































































































































































































Figure IV-3: Photokinetic traces of studies compounds under polychromatic light using mix 





























































































































































Figure IV- 4: Applied -order on photokinetic traces of studies compounds under polychromatic light 
using mix wavelength lamp (254/365 nm)., circle corresponding to experimental data and line 
























































































































































Figure IV- 5: Constant 𝜐0,𝑒𝑥𝑝. of studies compounds with different initial concentration (𝑪𝑨(0)). The 
open and solid symbols represent the experimental and calculated values of 𝜐0,𝑐𝑙𝑑. . 
 
 
Figure IV- 6: Constant 𝑘𝜂, 𝑒𝑥𝑝. of studies compounds of AB (2) system with different initial 
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This appendix shows the results of 
(Development of actinometers) under 
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This appendix shows the results of chapter 9 (Development of actinometers) 
under monochromatic and polychromatic light irradiation. 
 
1. Actinometry under Monochromatic irradiation study  
Table V-1: Correlation equations for the variation of the three drug's photodegradation overall 
rate-constants (𝒌𝑨⇋𝑩
𝒊𝒓𝒓 ) with radiant power (𝑷𝒊𝒓𝒓) and the area of radiant power employed for 




Equation of the line 
𝒌𝑨⇋𝑩





/ einsteins-1 dm-3 
310 8751.1 × P310 + 0.0003 0.965 1.29 – 2.34 
328 14171 × P328 + 0.0012 0.953 1.56 – 2.86 
340 23587 × P340 + 0.0004 0.977 1.69 – 3.17 
350 19590 × P350 + 0.0017 0.980 1.5 – 3.28 










Figure V- 1: Linear correlation of 𝑃𝑖𝑟𝑟
𝑐𝑙𝑑.  with 𝑃𝑖𝑟𝑟
𝑒𝑥𝑝.   for each wavelength, which Fig. A at 310 nm, B at 
328 nm, C at 340 nm and D at 350 nm by using line Equation Table V-1. 
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Figure V- 2: Calculated 𝛽𝑖𝑟𝑟  values (circles) for t-STIL, PINO, RVT, ORVT, PTERO, O-DAE and C-DAE 
using Eq. 5-3 and the values of 𝑘𝐴⇌𝐵
𝑖𝑟𝑟   and 𝑃𝑖𝑟𝑟 provided in Table 5-4, Chapter 5. The sigmoid model, 
Eq. 9-1 (line) and linear equation (tringle shape, Eq.9-2) of studies compounds and O-DAE, 
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Figure V- 3: Linear correlation of experimental 𝑃exp. with calculated 𝑃𝑐𝑙𝑑. values of the radiant power 
for studied compounds after using a new method Eq. 9-1 to calculate 𝛽𝑖𝑟𝑟  values.   
 
2. Actinometry under polychromatic irradiation study 
2.1. -order kinetic  
Table V-2. Actinometry study of C-DAE  

























4.26 3.22 1.57 0.026 0.95 0.016 1.56 0.026 
4.35 3.82 3.39 0.057 2 0.033 3.28 0.055 
4.33 4.19 4.58 0.076 2.9 0.048 4.76 0.079 
4.35 4.63 5.59 0.093 3.5 0.058 5.75 0.096 
4.34 5.24 7.59 0.127 4.9 0.082 8.05 0.134 
4.32 6.04 10.10 0.168 6.4 0.107 10.51 0.172 
             *∑  𝜀𝐵  is 1323914.19 M
-1 cm-1 
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Figure V- 4: Photokinetic traces of C-DAE at different ∑ 𝑃𝑒𝑥𝑝.
600




Figure V- 5: Linear relation between Overall rate-constant (𝑘) and ∑𝑃𝑒𝑥𝑝.of C-DAE under 
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Figure V- 6: Linear relation between initial slope of photokinetic traces of C-DAE under 




Figure V- 7: Linear relation between ∑𝑃𝑐𝑙𝑑. and ∑𝑃𝑒𝑥𝑝. values of the radiant power for C-DAE after 
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Table V-3. ∑𝛽𝑖𝑟𝑟  factor values with different simulated lamps profiles with same summation 



















/ einstein s-1 dm-3 
Exp. 5.95 0.009310789 - 1564.29 5.95 
1 5.95 0.018651 2.767 3134.9 5.95 
2 5.95 0.015611 2.767 2623.7 5.95 
3 5.95 0.0035 2.767 588.28 5.95 
4 5.95 0.018513 2.767 3111.8 5.95 
5 5.95 0.001928 2.767 323.97 5.95 
6 5.95 0.009459 2.7665 1590 5.95 
7 5.95 0.015096 2.767 2537.5 5.95 
8 5.95 0.01149 2.767 1931.3 5.95 
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Figure V- 9: Linear relation between Overall rate-constant (𝑘) and ∑Psimu. values of the radiant 
power for simulated lamps. 
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Figure V- 10: Linear correlation of experimental (∑ P exp..) and calculated (∑ P cld..) values for the 
radiant power for studied compounds under irradiation by polychromatic light using mix wavelength 
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The model proposed by Mazellier et al. for 
photochemical reaction of the AB 




288 | P a g e  
 
The photochemical reaction of the AB (𝟏𝚽)𝜺𝑩≠𝟎system under monochromatic light 
irradiation: 
In the model proposed was first proposed by Zepp [1] and a similar method was 
proposed by Mazellier et al. [2] was used the same differential equation (Eq. 5-21) that 




  = Φ𝐴→𝐵𝑃𝑎𝑏𝑠,𝑖𝑟𝑟                          Eq.VI-A1 















𝑖𝑟𝑟𝐶𝐴(𝑡)𝑙          Eq.VI-A2 
Then, if the total absorbance is lower than 0.02 [2], which can mean that the 
concentration of the compound is low, a Simpson expansion can be performed.  






+⋯               Eq.VI-A3 
So, if we consider  




= 1 − 𝑒−𝑥             Eq.VI-A4 






, …  in Eq. (Eq.VI-A4) can be 





= −2.303 − (𝜀𝐴
𝑖𝑟𝑟𝐶𝐴(𝑡) + 𝜀𝐵
𝑖𝑟𝑟𝐶𝐵(𝑡)) 𝑙    Eq.VI-A5 
Therefore, Eq.VI-A2 gives 




  = 2.303 Φ𝐴→𝐵𝑃0,𝑖𝑟𝑟𝑙𝜀𝐴
𝑖𝑟𝑟𝐶𝐴(𝑡)               Eq.VI-A6 
 
The author’s considered the quantum yield to be constant during the photoreaction. So, 




  =  −2.303 Φ𝐴→𝐵𝑃0,𝑖𝑟𝑟𝑙𝜀𝐴
𝑖𝑟𝑟𝑡 = −𝑘𝑡           Eq.VI-A7 
In this procedure, the author’s relied on the expansion of the exponential term because 
they considered that a closed form integration of Eq.VI-A2 is impossible; which is true. 
However, using the expansion of the 𝑒−𝑥 comes at equation. That is, the find integrated 
rate- law is the same to the one that would be obtained for an AB (1Φ)𝜀𝐵=0system using 
the same procedure. In other word, the two systems should, according to this approach, 
have the same kinetic behaviour. This is not correct in absolute, because it was, for 
instances, proved [3] that the rate of AB (1Φ)𝜀𝐵=0depends only on 𝐴𝐴(t) while that of 
AB (1Φ)𝜀𝐵≠0  depends on both (𝐴𝐴(t) + 𝐴𝐵(t)). This limits the usefulness of the proposed 
equation 
VI-A. References: 
1- Zepp RG. Quantum Yields for Reaction of Pollutants in Dilute Aqueous Solution. 
Environmental Science and Technology. 1978; 12(3): 327–329.  
2- Nassar R., Trivella A., Mokh S., Al-Iskandarani M., Budzinski H., Mazellier P. 
Photodegradation of sulfamethazine, sulfamethoxypiridazine, amitriptyline, and 
clomipramine drugs in aqueous media. Journal of Photochemistry and 
Photobiology A: Chemistry. Elsevier B.V.; 2017; 336: 176–182.  
3- Maafi M., Brown RG. The kinetic model for AB(1ϕ) systems. Journal of 
Photochemistry and Photobiology A: Chemistry. April 2007; 187(2–3): 319–324.   




The model proposed by Stadler et al. for 
photochemical reaction of the AB 
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The photochemical reaction of the AB (𝟏𝚽)𝜺𝑩≠𝟎system under monochromatic light 
irradiation. 
In the model proposed in 2018 by Stadler et al. [1] was used the same differential 
equation (Eq. 5-21) is came from general photochemical rate law. 
𝑑𝐶𝐴
𝑑𝑡
  =  −Φ𝐴→𝐵𝑃𝑎𝑏𝑠,𝜆𝑖𝑟𝑟        Eq.VI-B1 




𝑖𝑟𝑟(𝑡)      Eq.VI-B2 
According to beer’s lambert law 
𝐴𝑡𝑜𝑡(𝑡) = 𝜀𝐴 𝐶𝐴(𝑡)𝑙 + 𝜀𝐵 𝐶𝐵(𝑡)𝑙      Eq.VI-B2 
And  
𝐶𝑡𝑜𝑡(0) = 𝐶𝐴(0) = 𝐶𝐴(𝑡) + 𝐶𝐵(𝑡)      Eq.VI-B3 
𝐶𝐵(𝑡) = 𝐶𝐴(0) − 𝐶𝐴(𝑡)       Eq.VI-B4 
By using Eq.VI-B4 into Eq.VI-B2 is given  
𝐴𝑡𝑜𝑡(𝑡) = 𝜀𝐴 𝐶𝐴(𝑡)𝑙 + 𝜀𝐵 𝐶𝐴(0)𝑙 − 𝜀𝐵 𝐶𝐴(𝑡)     Eq.VI-B5 
𝐴𝑡𝑜𝑡(𝑡) = 𝐶𝐴(𝑡)𝑙(𝜀𝐴 − 𝜀𝐵 ) + 𝜀𝐵 𝐶𝐴(0)𝑙                  Eq.VI-B6 
By differentiating over time Eq.VI-B6 is given  
𝑑𝐴𝑡𝑜𝑡(𝑡)
𝑑𝑡










= 𝑙(𝜀𝐴 − 𝜀𝐵 )
𝑑𝐶𝐴(𝑡)
𝑑𝑡
                               Eq.VI-B8 
Using Eq.VI-B8 into Eq.VI-B1,  
𝑑𝐴𝑡𝑜𝑡(𝑡)
𝑑𝑡
= −Φ𝐴→𝐵𝑃𝑎𝑏𝑠,𝜆𝑖𝑟𝑟𝑙(𝜀𝐴 − 𝜀𝐵 )                         Eq.VI-B9 
292 | P a g e  
 
When compound A completely transform to B at (∞) 
𝐴𝑡𝑜𝑡(∞) = 𝜀𝐵 𝐶𝐴(0)𝑙  ,and  𝐴𝑡𝑜𝑡(0) = 𝜀𝐴 𝐶𝐴(0)𝑙         Eq.VI-B10 






)                       Eq.VI-B11 
Eq.VI-B11 is the differential equation derived by the Stadler et al. [1] at time (t). The 
author’s proposed to use the initial phase of the reaction in ordered to determine the 
quantum yield by: 




            Eq.VI-B12 
Where 𝑘𝑓𝑖𝑡 represents the initial slope of the trace of the reaction. This Eq.VI-B12 is, 
however not correlated in an observes way to Eq.VI-B11. So, let us derives the 
expression of 𝑘𝑓𝑖𝑡 from the Eq.VI-B11 as shown by the authors.    










)        Eq.VI-B13 













                         Eq.VI-B14 








                   Eq.VI-B15 
The author’s state that the 𝑘𝑓𝑖𝑡 was obtained from the fitting of the experimental date 
by using first order model. 
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𝐴𝑡𝑜𝑡(𝑡) = 𝐴𝑡𝑜𝑡(0) − (1 − (𝐴𝑡𝑜𝑡(∞) − 𝐴𝑡𝑜𝑡(0))𝑒
−𝑘𝑓𝑖𝑡𝑡)        Eq.VI-B16 
with 𝑘𝑓𝑖𝑡 here represents the rate-constant of the 1
st- order reaction.  
By derivative over time Eq.VI-B16 is given 
𝑑𝐴𝑡𝑜𝑡(𝑡)
𝑑𝑡
= (𝐴𝑡𝑜𝑡(∞) − 𝐴𝑡𝑜𝑡(0)𝑘𝑓𝑖𝑡 𝑒
−𝑘𝑓𝑖𝑡𝑡          Eq.VI-B17
   






= (𝐴𝑡𝑜𝑡(∞) − 𝐴𝑡𝑜𝑡(0)) 𝑘𝑓𝑖𝑡            Eq.VI-B18 








                          Eq.VI-B19 
According to deviation proposed above by the author’s, it is clear that the equation of 
the rate for the photochemical reaction equation as given by Eq.VI-B1 and Eq.VI-B9 is 
effectively equal to the first order rate equation Eq.VI-B17 since their rate-constant are 
equal using the value obtained from Eq.VI-B18 and Eq.VI-B11. This identity is not valid. 
Therefore, such an approximation cannot doubt on the validity of the result obtained. 
VI-B.  References: 
1- Stadler E., Eibel A., Fast D., Freißmuth H., Holly C., Wiech M., et al. A versatile 
method for the determination of photochemical quantum yields: Via online UV-
Vis spectroscopy. Photochemical and Photobiological Sciences. Royal Society of 
Chemistry; 2018; 17(5): 660–669.   




The model proposed for photochemical 
reaction of the AB (2) system under 
monochromatic light irradiation 
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The photochemical reaction of the AB (2) system under monochromatic light 
irradiation: 
Method was reported by Irie group [1]: 
𝑑𝐶𝐵
𝑑𝑡




𝑖𝑟𝑟 (1 − 10−𝜀𝐴
𝑖𝑟𝑟𝐶𝐴(𝑡)𝑙) − Φ𝐵→𝐴
𝑖𝑟𝑟 (1 − 10−𝜀𝐵
𝑖𝑟𝑟𝐶𝐵(𝑡)𝑙))Eq.VI-C1a 
By using the expansion (assuming 𝜀𝐴
𝑖𝑟𝑟𝐶𝐴(𝑡)𝑙  must be less than 0.2) in Eq.VI-C1a 
𝑑𝐶𝐵
𝑑𝑡




𝑖𝑟𝑟𝐶𝐵(𝑡))                Eq.VI-C1b 
In this proposed (Eq.VI-C1a) the reactive system looks like having two independent 
compounds (A and B). this means that according to the above equation A absorbs of  
𝑃0,𝑖𝑟𝑟  independently of B and vice versa. But this does not correspond to the physical 
systems where 𝑃0,𝑖𝑟𝑟 is absorbed by both A and B. Accordingly there is a missing factor 
in Eq. IC1a to indicate that the light is simultaneously absorbed by both species A and B 
(i.e.  𝑃0,𝑖𝑟𝑟 (1 − 10
−𝜀𝐴
𝑖𝑟𝑟𝐶𝐴(𝑡)𝑙) ). Thus, Eq.VI-C1a does not correspond to the physical 
system studied.  
VI-C.  References: 
1- Nakashima H., Irie M. Synthesis of silsesquioxanes having photochromic 
dithienylethene pendant groups. Macromolecular Chemistry and Physics. John 
Wiley & Sons, Ltd; 1 April 1999; 200(4): 683–692.  
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The photochemical reaction of the AB (𝟏𝚽)𝜺𝑩≠𝟎system under polychromatic light 
irradiation: 
In the model was proposed by Lente et al. [1], according to the quantification of the 
quantum yield at the maximum observation wavelength used Eq. (VI-D2): 
𝑑𝐶𝐴
𝑑𝑡
 = − Φ𝐴→𝐵𝑃𝑎𝑏𝑠,𝜆𝑖𝑟𝑟                     Eq.VI-D1a 
𝑑𝐶𝐴
𝑑𝑡



















                Eq.VI-D2 





𝑖𝑟𝑟(𝑡)              Eq.VI-D3 
According to beer’s lambert law 
𝐴𝑡𝑜𝑡(𝑡) = 𝜀𝐴 𝐶𝐴(𝑡)𝑙 + 𝜀𝐵 𝐶𝐵(𝑡)𝑙              Eq.VI-D4 
And  
𝐶𝑡𝑜𝑡(0) = 𝐶𝐴(0) = 𝐶𝐴(𝑡)+ 𝐶𝐵(𝑡)               Eq.VI-D5 
𝐶𝐵(𝑡) = 𝐶𝐴(0) − 𝐶𝐴(𝑡)                 Eq.VI-D6 
By using Eq.VI-D6 into Eq.VI-D4 is given  
𝐴𝑡𝑜𝑡(𝑡) = 𝜀𝐴 𝐶𝐴(𝑡)𝑙 + 𝜀𝐵 𝐶𝐴(0)𝑙 − 𝜀𝐵 𝐶𝐴(𝑡)             Eq.VI-D7 
𝐴𝑡𝑜𝑡(𝑡) = 𝐶𝐴(𝑡)𝑙(𝜀𝐴 − 𝜀𝐵 ) + 𝜀𝐵 𝐶𝐴(0)𝑙                          Eq.VI-D8 
By differentiating over time Eq.VI-D8 is given  
𝑑𝐴𝑡𝑜𝑡(𝑡)
𝑑𝑡






                         Eq.VI-D9 
Then, 




= 𝑙(𝜀𝐴 − 𝜀𝐵 )
𝑑𝐶𝐴(𝑡)
𝑑𝑡
                                     Eq.VI-D10 
Using Eq.VI-D10 into Eq.VI-D1,  
𝑑𝐴𝑡𝑜𝑡(𝑡)
𝑑𝑡
= −Φ𝐴→𝐵𝑃𝑎𝑏𝑠,𝜆𝑖𝑟𝑟𝑙(𝜀𝐴 − 𝜀𝐵 )                       Eq.VI-D11 
 
where 𝛼 in Eq.VI-D2 is the slope obtained from the linear correlation of n0 against 
photon count 𝑁. 





𝑑𝑖𝑟𝑟          Eq.VI-D12 











                      Eq.VI-D13 













                                 Eq.VI-D14 
Then 𝛼 was given as  
𝛼 =
− Φ𝐴→𝐵𝑙(𝜀𝐴 −𝜀𝐵 )
𝑉
           Eq.VI-D15 
By rearrange Eq.III-A15, we will get Eq.III-A2. 
Given the complexity of the basic of Eq.VI-D1b, the authors have avoided these issues 
by only using the initial rates. 
If reformate write  
𝑑𝐶𝐴
𝑑𝑡
 = − Φ𝐴→𝐵[α1𝑃0,𝑖𝑟𝑟(1)(1 − 10
−𝛾1 ) + α2𝑃0,𝑖𝑟𝑟(2)(1 − 10
−𝛾2 )]                            Eq.VI-D16 




 = − Φ𝐴→𝐵[α1𝑃0,𝑖𝑟𝑟(1)(1 − 10
−𝛾1 )]                          Eq.VI-D17 
𝑑𝐶𝐴(2)
𝑑𝑡
 = − Φ𝐴→𝐵[α2𝑃0,𝑖𝑟𝑟(2)(1 − 10










                Eq.VI-19 
 
If the kinetic at 𝑖𝑟𝑟 (1) is done and then in second experiment the kinetics at 𝑖𝑟𝑟(2) is done as 
well independently, and if we add the two kinetics we should find the kinetics of the sample 
irradiated with both 𝑖𝑟𝑟 (1) and 𝑖𝑟𝑟 (2). But this does not correspond to the physical system 
where the kinetic was happen in the same time and we cannot know the kinetic start from each 
experiment. It is clear that the closed form integration of the Eq.VI-D1b is difficult.    
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